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This  collection  contains  material  from  the  III 
All  Union  Conference  on  heat  exchange  and  hydraulic 
resistance  in  the  motion  of  a  two-phase  flow  in 
elements  of  power  machinery  and  equipment.  The  con¬ 
ference  was  called  by  resolution  of  the  Soviet  AN 
USSR  on  the  problem  "High-Temperature  Heat  Physics" 
in  April  1967  in  Leningrad. 

This  collection  consists  of  three  main  sections. 

1.  Heat  exchange  during  boiling  and  critical  loads. 

2.  The  hydraulics  of  two-phase  flow. 

3.  Heat  exchange  during  condensation. 

The  first  section  includes  reports  on  the  in¬ 
tensity  of  heat  exchange,  critical  loads,  and  thermal 
modes  in  elements  of  power  equipment  during  the  motion 
of  two-phase  flow. 

The  second  section  deals  with  a  study  of  the 
hydrodynamics  of  two-phase  steam-water  flows,  stability, 
hydraulic  resistance,  and  phase  distribution  during  the 
motion  of  two-phase  flow  in  channels  of  various  shapes. 

The  third  section  includes  works  on  the  intensity 
of  heat  transfer  during  film  and  droplet  condensation, 
the  condensation  of  liquid-metal  vapors  from  a  flow  of 
inert  gases,  condensation  on  surfaces  of  various  shapes 
(condensation  on  ribbed  surfaces,  vapor  condensation 
during  cross-spiral  flow  around  vertical  duct  banks), 
as  well  as  the  results  of  a  study  on  steam  turbine 
surface  condensers. 

Some  of  the  reports  from  the  conference  will  be 
published  in  the  coming  issues  of  "Trudy  TsKTI." 
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SECTION  I 

HEAT  EXCHANGE  DURING  BOILING 
AND  CRITICAL  LOADS 
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\ 

I 

HEAT  TRANSFER  AND  HYDRAULIC 
RESISTANCE  IN  THE  MOTION  OF 
!  A  TWO-PHASE  STEAM-WATER  FLOW 

IN  CHANNELS  OF  VARIOUS  SHAPES 

,  V.  M.  Borishanskly ,  A.  A.  Andreyevskiy , 

V.  N.  Fromzel',  I.  B.  Gavrilov, 

G.  P.  Danilova,  and  B.  S.  Fokin 

,  Designations 

I 

2 

q  -  heat  flux,  kcal/m  *h* 
p  -  pressure,  atm  (abs.); 

w„  -  circulation  velocity,  m/s; 

u  2 
w  -  mass  velocity,  kg/m  *s; 

*  q 

Y*  -  specific  weight  of  liquid  phase,  kg/mJ; 

Y"  -  specific  weight  of  vapor  phase,  kg/mJ; 

x  -  vapor  content  per  unit  weight; 

If  cm  =  ~xyf-  -  specific  weight  of  two-phase  mixture,  kg/nr; 

2 

Ap  -  full  head  loss,  kg/cm  ; 

11 LJ  71  H  ^ 

Ap  -  head  loss  from  acceleration,  kg/cm'; 

y  C  K  2 

ApTp  -  head  loss  from  friction,  kg/cm  ; 

G  -  consumption  by  weight  of  two-phase 
c'  mixture  kg/h; 

K'c„  ••=  ir0 [l  --  f  -  -  - ■  x ]  _  reduced  velocity  of  two-phase  mixture 

’  in  duct,  m/s; 

wn  -  reduced  velocity  of  vapor  phase,  m/s; 
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reduced  velocity  of  liquid  phase,  m/s; 

-  true  vapor  content  [2]; 

-  coefficient  of  friction; 

-  heat  transfer  factor,  kcal/m2*h*°C; 

y"  -  dynamic  viscosity  factor  of  saturated 

2 

vapor,  kg/s-m  ; 

U *  -  dynamic  viscosity  factor  of  water  on 

p 

the  saturation  line,  kg/s ‘in  ; 

dynamic  viscosity  factor  of  two-phase 
.2. 


mixture,  kg/s*m  ; 

p 

kinematic  viscosity  factor,  m  /s; 
heat  of  vaporization,  kcal/kg; 
surface  tension  criterion; 

Reynolds  number; 
output ; 

input;  Tp  -  friction; 

conv.;  no/iH  -  full; 

calc.;  ycK  -  acceleration; 

two-phase;  cm  -  mixture; 

water  friction; 
steam  friction. 


In  this  article  we  shall  present  the  results  of  an  ex¬ 
perimental  study  on  heat  transfer  and  hydraulic  resistance  during 
motion  of  a  two-phase  flow  in  channels  of  various  shapes.  Tests 
were  performed  on  an  open  circulation  loop  which  consisted  of  the 
following  basic  elements: 

1)  a  working  section  (with  electric  heating); 

2)  a  mixer  designed  to  obtain  a  steam-water  flow  with  the 
necessary  degree  of  dryness; 

3)  a  system  to  feed  water  and  steam  of  the  prescribed 
parameters  to  the  mixer. 
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This  installation  and  the  experimental  methodology  used,  as 
well  as  the  basic  characteristics  of  the  working  sections,  are 
presented  in  reference  [1].  Heat  transfer  and  hydraulic  resistance 
were  studied  during  the  motion  of  a  two-phase  flow  in  ducts  8, 

12,  and  18  mm  in  diameter.  Tests  were  carried  out  in  the  *• 

following  range  of  basic  parameter  variations : 

heat  flux  q  =  (300-1200)  10^  kcal/m^*h,  • 

working  section  pressure  p  =  5-36  atm  (abs.), 

reduced  velocity  of  two-phase  mixture  wcm  =  2.5-200  m/s, 

circulation  velocity  Wq  =  0.2-5  m/s, 

2 

mass  velocity  w^  =  180-5000  kg/m  ‘S, 

■3 

specific  weight  of  mixture  ycm  =  5-700  kg/m  , 

vapor  content  per  unit  weight  x  =  0.05-0.99. 

Hydraulic  resistance  was  determined  both  during  isothermal 
motion  of  a  two-phase  mixture  and  in  the  presence  of  heat  release 
in  the  working  section.  Pressure  loss  from  friction  was  calcu¬ 
lated  from  the  following  expression: 

&Pt  p  —  bpaoM*  —  ( 1 ) 

Pressure  loss  from  acceleration  was  calculated  for  two  models  of 
flow  motion: 

a)  for  a  homogeneous  model  (no  slippage  between  phases) 

•^PyeK  =  "360 figF  ~  ( 2 ) 
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b)  for  a  stratified  model 
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During  isothermal  flow  losses  from  acceleration  were 
calculated  only  for  those  modes  for  which  the  difference  in  input 
and  output  velocities  was  greater  than  5%. 

The  temperature  of  the  two-phase  flow  was  determined  at 
input  and  output  of  the  working  section.  Wall  temperature  was 
measured  in  cross  sections  (every  100  mm)  along  the  length  of  the 
duct.  This  method  of  measuring  was  adopted  to  determine  the  local 
value  of  the  heat  transfer  factor  in  any  cross  section  of  the 
working  section. 

TEST  RESULTS 

1.  Heat  transfer  to  a  two-phase  steam-water  flow  moving  in 
ducts.  Prom  analysis  of  numerous  experimental  works  performed 
both  in  the  Soviet  Union  and  abroad,  we  find  that  the  main 
distinction  between  each  transfer  during  boiling  in  pipes  and 
heat  transfer  during  boiling  on  immersed  surfaces  is  the  presence 
in  the  first  case  of  two  factors  -  circulation  velocity  wQ  and 
vapor  content  x. 


Foreign  literature  contains  formulas  where  the  dimensionless 
heat  transfer  factor  during  boiling  in  pipes  is  defined  as  a 
function  of  the  Martlnelli  parameter: 

(H> 


where 
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A  substantial  disadvantage  of  functions  of  this  type  is  the 
fact  that  they  do  not  take  into  account  the  effect  of  thermal 
loading  on  heat  transfer  during  boiling.  To  account  for  the 
effect  of  q,  it  is  necessary  to  introduce  a  correction  factor 
which  is  quite  difficult  to  calculate. 


The  most  familiar  formulas  in  the  Soviet  Union,  introduced 
in  the  works  of  S.  S.  Kutateladze  [3]  and  L.  S.  Sterman  [4],  are 
derived  on  the  basis  of  an  analysis  of  tests  in  which  there  was 
no  significant  effect  of  vapor  content  on  heat  transfer  (tests 
were  performed  at  low  x).  In  this  case,  the  value  of  the  heat 
transfer  factor  is  determined  uniquely  at  constant  pressure  by 
the  mutual  effect  of  heat  flux  q  and  circulation  velocity  wQ. 

The  formula  proposed  by  S.  S.  Kutateladze,  for  these  conditions, 
lias  the  form: 


Here  apaCH  is  the  heat  transfer  factor  during  the  development  cf 
boiling  in  pipes;  aQ  is  the  heat  transfer  factor  during  the  forced 
movement  of  liquid  (with  velocity  Wq)  without  boiling  [5]: 

a0  =5  0,023  — Ren'*Pr0,<  . 

aQ0  is  the  heat  transfer  factor  during  boiling  in  pipes  for  the 
region  where  the  circulation  velocity  still  does  not  affect  the 
intensity  of  heat  transfer  during  boiling  [5]: 


=  0,7  >6  0:  *6  0 - 3 </'"  -i- 1 ,83-10'V  )</° 


However,  there  are  a  number  of  experiments]  works  [C]  in 
which  there  has  been  observed  an  increase  in  the  heat  transfer 
factor  along  the  length  of  a  duct  with  a  growth  in  vapor  content 
Uests  were  performed  at  rather  high  vapor  contents).  The  amount 
by  which  the  heat  transfer  coefficient  exceeds  (for  the  case  of 
the  vapor  content  effect)  that  calculated  from  the  formula 


presented  above  depends  both  on  the  value  of  circulation  velocity 

and  the  vapor  content  in  a  two-phase  flow.  Under  these  conditions, 

circulation  velocity  Wq  cannot  be  used  as  the  only  parameter 

accounting  for  the  effect  of  forced  motion  on  heat  transfer.  To 

clarify  the  parameters  on  which  heat  transfer  depends  in  the 

presence  of  higher  vapor  content,  experimental  data  was  first 

processed  using  the  ratio  a/oi  „  where  ct  „  is  the  heat  transfer 
.  pacs  pacM 

factor  calculated  according  to  expression  (5).  The  introduction 
of  this  ratio  enables  us  to  exclude  from  our  examination  that 
effect  of  circulation  velocity  and  heat  flux  which  appears  in  the 
zone  of  low  vapor  contents  and  is  accounted  for  by  formula  (5). 
Analysis  of  the  experimental  data  thus  represented  indicated  that 
the  additional  mutual  effect  of  Wq  and  x  in  the  zone  of  increased 
vapor  contents  is  best  accounted  for  if  we  take  as  the  determining 
velocity  w  .  (reduced  velocity  of  the  two-phase  mixture). 


( 


Pig.  1.  Heat  transfer  factor  versus  vapor 
content  per  unit  weight  (p  *  19  atm  (abs.)): 

q  =  300*10^  kcal/m^*h): 

•  -  wcM  =  15  m/s;  0  -  wcM  =  60  m/s;  *  -  wcM  =  115  m/s. 

As  an  example,  Pig.  1  presents  the  function  a/apacL4  =  f(x) 
when  q  =  const  and  p  =  const,  plotted  for  several  constant  values 
of  parameter  wcM>  From  the  graph  it  follows  that  mixture  velocity 
w  uniquely  accounts  for  the  effect  of  forced  motion  on  the 
relative  growth  of  the  heat  transfer  factor  in  the  case  examined 
since  neither  a  change  is-  x  nor  a  change  in  wQ  when  wCM  =  const 
alters  the  value  of  the  ratio  a/apaCH*  The  mutual  effect  of 
thermal  flux  q  and  mixture  velocity  on  heat  transfer  is  shown 
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in  Fig.  2.  The  relative  effect  w  is  manifest  more  strongly  the 
less  the  thermal  flux  q.  For  heat  flux  q  =  300,000  kcal/m  *h  and 
vv  =  120  m/s  the  value  of  the  measured  heat  transfer  factor 

CM 

exceeds  that  calculated  from  formula  (5)  by  a  factor  of  2.6.  In 
reference  [7]  it  was  shown  that  in  the  region  of  elevated  vapor 
contents  the  mutual  effect  of  q  and  w,M  is  best  accounted  for  by 
introducing  the  complex  iff.  Figure  3  shows  the  results  of 
processing  in  coordinates  a/apacM  =  f  °*'  experimental  data 

obtained  in  this  work  and  also  in  references  [8-14,  19].  Plotted 
on  the  graph  are  both  points  obtained  from  tests,  where  the  effect 
of  vapor  content  on  heat  transfer  was  apparent  (data  of  the 
authors  and  C 1 3 »  1^3)  and  points  from  such  tests  where  this  effect 
was  not  noticeable  [8,  9,  10,  11,  12].  From  the  graph  it  follows 
that  the  experimental  points  are  grouped  quite  satisfactorily 
along  a  single  averaging  curve,  which  can  be  described  by  the 
following  empirical  equation* 


If  1,5-10 


-# 


^  yy 


(6) 


Here  apaC4  is  the  heat  transfer  factor  during  the  development  of 
boiling,  calculated  from  formula  (5),  proposed  by  S.  S.  Kutateladze. 


* 


« 


mixture  velocity  and  thermal  load 
(pe><  =  19  atm  (abs . ) ) : 

1  -  q  =  300-10^  kcal/m2, h;  2  -  q  «  500*10^ 
kcal/m2*h;  3  -  q  *  800»10^  kcal/m2-h; 

H  -  q  =  1200* 10^  kcal/m2*h. 
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Expression  (6)  is  substantiated  by  test  data  in  the  following 
parameter  range:  p  =  2-170  atm  (abs.),  q  =  70-103-5*106  kcal/m2-h; 
w  =  1-300  m/s. 

Thus  a  single  formula  is  obtained  for  calculating  the  heat 
transfer  factor  during  boiling  in  pipes  and  channels  throughout 
the  range  of  crisisless  modes. 

In  addition  to  data  with  respect  to  pipes,  the  graphs  also 
presents  experimental  points  with  respect  to  heat  transfer  in 
annular  slots  [9,  12]  and  longitudinally  streamlined  bunches  of 
rods  (data  of  the  authors  and  [12]).  It  should  be  noted  that  as 
yet  there  is  no  single  opinion  regarding  the  quantity  aQ0  for 
annular  slots  and  bundles.  Thus,  based  on  data  in  [$]»  for  slots 

a00  s  a6  0  and>  based  on  data  in  olqq  b  ae  q. 

For  longitudinally  streamlined  bundles  of  rods,  both  V.  G. 
Morozov  [12]  and  the  authors  of  this  article  have  obtained  values 
for  aQ0  unlike  the  values  obtained  for  pipes  and  equal  to  a6  Q. 

The  absence  of  a  sufficient  quantity  of  experimental  data  makes 
it  impossible  to  explain  the  reason  for  this  difference.  In 
connection  with  this  situation,  when  comparing  the  examined  test 
data  various  values  of  a0Q  (aQ0  «  0.7  aQ<0  [9],  a00  *  o6>0  [12] 
and  our  test  data)  are  assumed. 

2.  Hydraulic  resistance  during  the  motion  of  two-phase  flow 
in  pipes.  Generally  hydraulic  resistance  during  the  motion  of  a 
two-phase  flow  in  pipes  is  made  up  of  a  number  of  components. 

They  include  losses  from  the  longitudinal  acceleration  ot  liquid 
and  vapor  phases,  losses  from  wave  formation  on  the  phase  inter¬ 
face,  losses  from  the  separation  of  droplets  from  the  surface  of 
liquid  phase,  from  the  formation  and  breakup  of  bubbles,  from 
friction  in  the  boundary  layer  of  liquid,  etc.  At  present  it  is 
possible  in  practice  to  distinguish  from  total  losses  those  losses 
due  to  longitudinal  acceleration  (2),  (3).  Because  of  this  the 
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majority  of  authors  conditionally  define  losses  from  friction  in 
a  two-phase  flow  as  the  difference  between  full  hydraulic 
pressure  and  losses  from  longitudinal  acceleration  (1). 


Posing  the  problem  in  such  a  manner  usually  involves  two 
simplified  models  of  two-phase  flow:  a  homogeneous  model  and  a 
model  of  two  averaged  phases.  Both  models  are  used  in  processing 
experimental  data.  In  the  first  case,  based  on  analogy  with 
single-phase  flow,  hydraulic  losses  from  friction  can  be  cal¬ 
culated  from  formula: 


. }g  ' 


(7) 


where  ?  .  is  the  coefficient  of  resistance  for  a  two-phase 
mixture.  When  wn"  «  0  or  wn'  »  0,  expression  (7)  changes  to  the 
usual  formulas  for  single-phase  flow 
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If  we  assume  that  the  coefficient  of  hydraulic  resistance 
for  two-phase  mixture  is  equal  to  the  coefficient  of  resistance 
for  a  single-phase  flow  and  does  not  depend  upon  the  Reynolds 
number,  i.e., 

(8) 

then  expression  (7)  becomes  equivalent  to  formula: 

+  (9> 

The  last  formula  is  recommended  for  calculating  losses  from 
friction  by  design  standards  for  water  circulation  in  steam 
boilers.  However,  taking  expression  (8)  as  a  postulate  is  not 
well  founded  (at  least  for  smooth  pipes).  We  can  assume  that 
the  coefficient  of  resistance  during  the  motion  of  a  two-phase 
flow  in  stainless  steel  pipes  will  be  a  variable  quantity  over  a 
wide  range  of  velocity  variations.  Experimental  data  obtained  in 
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this  work  confirmed  this.  Figure  4  presents  the  dependence  of 
resistance  on  reduced  velocity  of  a  two-phase  mixture  for  ex- 
perimental  data  obtained  in  the  pressure  range  5-36  kg/m  in 
pipes  8,  12,  and  18  mm  in  diameter  both  with  isothermal  purging 
and  with  heat  release  in  the  working  section. 


In  Fig.  5  the  experimental  points,  obtained  for  the  entire 

range  of  specific  thermal  loads,  pressures,  and  working  section 

diameters,  are  compared  with  the  data  of  other  authors  [15,  16, 

2 

17]  for  pressures  up  to  180  kg/cm  .  A  single  averaging  line  with 
exponent  can  be  drawn  through  all  experimental  points  at  a 
velocity  of  m  *  1.75,  i.e.,  from  the  graph  it  follows  that  the 
coefficient  of  friction  resistance  during  the  motion  of  a  two- 
phase  mixture  in  pipes  is  inversely  proportional  to  velocity 
to  the  power  n  ■  0.25: 


&Ptp 

'£»•  .It 


(10) 


Figure  6  shows  the  coefficient  of  friction  c  versus  w  , 

CM 

plotted  according  to  the  data  from  this  work  and  [15,  16,  17,  18]. 
A  single  averaging  line,  described  by  the  following  empirical 
equation,  can  be  drawn  through  all  experimental  points: 
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The  disadvantage  of  the  calculation  formula  obtained  is  its 
dimensioned  form.  However,  reducing  function  (11)  to  dimensionless 
form  by  a  formal  introduction  of  viscosity  with  respect  to 
formulas  of  the  type: 

_L.  *  JL.  _  o  -  *> . 

:*»  i*'  «*'  ’ 

J‘«  ***}»"  tO  —«*)!•' 

was  not  advisable  since  these  formulas  make  it  possible  to 
generalize  the  experimental  points  only  in  a  comparatively  narrow 
pressure  range. 
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*(m  i  m/a 

Fig.  4.  Friction  resistance  versus  the  velocity  of  a  two-phase 
mixture  (pipe  0  8,  12,  18  mm): 

1  -  Working  section  0  8  mm  (q  *  300* 10-800* 10^  kcal/m  *h, 
p  =  5—  3b  atm  (abs.));  2  -  Working  section  0  12  mm  (q  *  0-1200*10 

p 

kcal/m  *h,  p  *  5-31  atm  (abs.));  3  -  Working  section  0  18  mm, 

(q  *  0-800*10^  kcal/m^*h,  p  *  5-31  atm  (abs.)). 
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Pig.  5.  Friction  resistance  versus  velocity  of  a  two-phase  mix¬ 
ture  (combined  feraph):  -  _  0 

1  -  Working  section  0  8  mm  (q  •  300*10  -800*10^  kcal/m*h, 
p  »  5-36  atm  (abs.));  2  -  Working  section  0  12  mm  (q  *  0-1200*103 
kcal/m2.h,  p  »  5-31  atm  (abs.));  3  -  Working  section  0  18  mm 
(q  *  0-800* 103  kcal/m2*h,  p  *  5-31  atm  (abs.));  4  -  Working 
section  0  8.5  nun  (p  ■  I6-181  atm  (abs.)  [17];  5  -  Working  section 
0  13  mm  (q  *  300*  103-1200*103  kcal'm^h,  p  «  4  atm  (abs.))  [18]; 

6  -  Working  section  0  29*9  mm  (p  ■  40-70  atm  (abs.))  [19]. 


Fig.  6.  Coefficient  of  friction  for  the  mixture  versus  velocity 
(combined  graph), 


1  -  Working  section  0  8  mm  (q  *  300 ‘103  kcal/m2-h,  p  *  5-36  atm 

(abs.  ))}  2  -  Working  section  0  12  mm  (q  «  0-1200*103  keal/m2*h, 

p  *  5-31  atm  (abs.))}  3  -  Working  section  0  18  mm  (q  *  0-800* 103 
2 

kcal/m  *h,  p  ■  5-31  atm  (abs.))}  4  -  Working  section  0  8.5  mm 
(p  ■  16-181  atm  (abs.))  [173}  5  -  Working  section  0  29.9  mm 
(p  ■  MO-70  atm  (abs.))  [19]}  6  -  Working  section  0  13  mm  (q  ■ 

300* 1Q3-1200* 103  kcal/m2 *h  [18], 

When  using  the  "two  averaged  phases"  model,  each  of  the 

phases  is  characterized  by  its  own  average  velocity,  i.e.,  the 

slippage  effect  is  taken  into  account.  When  using  this  model  it 

is  proposed  that  any  liquid  phase  in  the  form  of  a  ring-shaped 

layer  moves  along  the  walls  of  the  pipe.  Because  of  this,  in  the 

processing  of  the  experimental  data,  the  average  true  velocity  of 

the  water  (with  allowance  for  slippage)  was  taken  as  the  determining 

velocity,  while  from  the  physical  parameters  -  the  viscosity  of 

* 

the  liquid. 

The  real  picture  of  the  motion  of  a  two-phase  flow  i3  in¬ 
comparably  more  complex  than  the  model  studied.  On  the  boundary 
between  liquid  and  vapor  phases  wave  formation  occurs.  At  certain 
flow  velocities  the  separation  of  wave  crests  and  the  entrainment 
of  the  forming  droplets  into  the  main  body  of  the  flow  occur. 
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The  opposite  phenomenon  also  takes  place  -  the  precipitation  of 
droplets  from  the  main  body  of  the  flow  onto  the  wall.  Wave 
formation,  droplet  separation,  bubble  breakup,  etc.,  are  connected 
with  the  surmounting  of  surface  tension  forces.  Consequently, 
among  the  criteria  which  characterize  the  process,  along  with  the 
Reynolds  number  there  must  also  be  included  the  surface  tension 
criteria  proposed  by  L.  A.  Vitman  [20].  As  a  linear  dimension  in 
the  surface  tension  criterion  the  following  quantity  was  assumed 
[33: 

,-V^.  (12) 


Figure  7  shows  the  coefficient  of  resistance  ?  as  a  function 

p 

of  Re/We  (c  was  calculated  based  on  true  mixture  velocity  and 
true  specific  mixture  weight). 


It  is  apparent  from  the  graph  that  experimental  data  from 
various  authors  agree  satisfactorily.  A  single  averaging  line, 
described  by  the  following  expression,  can  be  drawn  through  all 
experimental  points: 


1,7.10 


->•  w« 
W 
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THE  EFFECT  OF  THE  NUMBER  OF  VAPOR 
FORMATION  CENTERS  AND  HEATING 
SURFACE  PROCESSING  PURITY  ON  HEAT 
EXCHANGE  DURING  THE  BOILING  OF 
FREONS 

G.  N.  Danilova 

Abbreviations: 

h  »  saturation 

ct  «  wall 

Hp  ■  critical 

Experimental  and  theoretical  works  of  various  researchers 
have  established  that  the  processing  purity  of  the  heating  surface 
affects  heat  transfer  intensity  during  boiling  in  a  large  volume 
under  conditions  of  free  liquid  motion  [1-1*1].  The  studied 
liquids  included  water,  ethyl  and  methyl  alcohol,  pentane,  ether, 
carbon  tetrachloride,  and  several  others. 

Based  on  Berenson's  data  [10],  for  several  liquid-heating 
surface  combinations,  the  heat  transfer  factor  for  the  same 
liquid  on  a  surface  of  the  same  material  ranged  from  500  to  60055 
because  of  variations  in  the  roughness  of  the  latter. 

In  the  Leningrad  Technological  Institute  of  Refrigeration 
an  experimental  study  was  performed  on  the  effect  of  roughness 


i 


on  freon  heat  transfer.  Tests  were  made  with  pipes  of  varying 
roughnesses,  on  which  freons  boiled.  The  experimental  apparatus 
and  test  results  with  P-113  at  atmospheric  pressure  p  =  i  bar, 
t  =  ^7 ♦ 7° C  and  with  P-12  at  p  =  4.88  bar,  t  =  21°  are  described 

H  H 

in  [15].  Direct-heating  steel  pipes  were  used  with  P-12  and 
copper  and  steel  pipes  with  P-113. 

The  class  of  surface  processing  purity  was  determined  in 

accordance  with  GOST  2789-59  [i"0CT  =  GOST  =  All  Union  State 

Standard].  The  height  of  the  roughness  R_  in  microns  was  selected 

z 

as  the  roughness  characteristic. 

The  results  of  these  tests  lead  to  the  following  conclusions. 

1.  An  increase  in  roughness,  characterized  by  an  increase 

in  its  height  R  in  the  thermal  flux  range  from  3000  to  30,000 
2  z 

W/m  ,  leads  to  a  decrease  in  the  temperature  drop  At  »  t  -  t 
(wall  -  saturation)  and  an  increase  in  the  heat  transfer  factor. 

This  has  its  greatest  effect  in  the  range  of  low  thermal  fluxes. 

2.  Not  only  the  quantity  R  but  also  the  method  of  obtaining 

z 

it  affects  heat  transfer  intensity:  for  roughened  pipes  with 

R_  «  10-20  ym  the  same  values  of  heat  transfer  factors  are  ob- 
z 

tained  as  for  pipes  having  R_  *  50,  which  have  been  shot-blasted 

z 

and  processed  on  a  lathe. 

3.  There  is  a  quantitative  relationship  between  the  heat 
transfer  factor  and  the  microroughness  of  the  surface,  which  can 
be  represented  in  the  form  of  a  dependence  of  a  on  R  .  Pigure  1 

Ct 

illustrates  the  results  of  tests  [153,  as  well  as  the  data  of  » 

various  authors  [16-18]  for  F-12  at  t  *  -15°C  (p  *  1.82  bar). 

H 

Works  which  included  information  on  surface  processing  purity 

were  examined.  The  lines  on  Pig.  1  correspond  to  the  following  * 

relationship 

a  'v  R  .  (1 ) 

z 
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Pig.  1.  The  effect  of  roughness  on  the  heat 
transfer  factor  of  freons 

(q  -  10**  W/m2). 

LTIKhP  [Leningrad  Technical  Institute  of 
Refrigeration]  tests:  1  -  Polished  surface; 

2  -  Industrial  preparation;  3  -  Large-grained 
sandpaper;  H  -  Shot-blasting  surface  processing; 

5  -  Roughened  surface.  Tests  from  [18]:  6  - 

Polished  surface;  7  -  Industrial  preparation; 

8  -  Shot-blasting  surface  processing.  Tests  from 
[16]:  9  -  Polished  surface.  Tests  from  [17]: 

10  -  LTIKhP  tests:  P-113;  11  -  Plate  X, « 


p 

The  number  of  vapor  formation  centers  z  (1/cm  )  increases, 
while  At  decreases  with  an  increase  in  roughness  at  the  same  q 
and  with  an  increase  in  q  during  boiling  at  the  same  surface 
heating  (in  both  cases,  the  same  freon  and  constant  pressure  are 
studied). 


Thus,  not  only  heat  flux  but  also  the  number  of  vapor  for¬ 
mation  centers  have  an  effect  on  the  value  of  the  temperature 
drop  and  the  heat  transfer  factor.  The  processing  of  tests  with 
P-113  showed  [19]  that 


A/ 

« 


~**V*«; 


(2) 

(3) 
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Physical  concepts  concerning  the  mechanism  of  heat  exchange 
during  boiling  and  the  available  experimental  material  leads  us 
to  assume  that  the  number  of  vapor  formation  centers  must  depend 
upon  the  physical  properties  and  pressure  of  the  liquid,  the 
roughness  of  the  boiling  surface,  heat  flux,  and  wetability. 

Thus,  during  the  boiling  of  the  same  liquid  on  a  specific  heating 
surface  the  effect  of  pressure  on  heat  transfer  intensity  must 
be  manifested  in  terms  of  a  variation  in  z  (at  least  in  the  area 
where  q  is  not  too  high,  where  a  change  in  the  value  of  z  does 
not  lead  to  a  change  in  the  boiling  mechanism). 

To  check  this  assumption  an  experimental  study  was  made  on 
the  process  of  vapor  formation  in  P-12,  boiling  on  a  horizontal 
plate  at  various  pressures.  The  plate  material  was  lKhl8N9T 
steel,  length  62  mm,  width  2.5  mm,  thickness  0.18  ±  0.01  mm. 

The  design  of  the  heating  element,  the  method  of  sealing  the 
thermocouples,  the  heating  method,  and  the  experimental  apparatus 
in  which  the  tests  were  conducted  were  the  same  as  in  the  tests 
for  determining  diameter  and  frequency  of  steam  bubble  separation 
[20].  Half  of  the  plate  (in  length)  was  polished,  half  processed 
with  abrasive  powder  (roughened).  Processing  purity,  in  the 
first  case,  was  R„  «  0.13*  in  the  second  case,  R„  •  1.2  pm.  To 
determine  the  heat  transfer  factor  two  thermocouples  were  set  up: 
one  in  the  middle  (with  respect  to  length  and  width)  of  a  section 
of  the  roughened  surface,  the  second  in  the  smooth  part  of  the 
plate. 

A  number  of  centers  were  estimated  visually  over  the  area  of 
the  friction  plate  by  various  observers.  The  spread  between 
their  data  did  not  exceed  15% .  The  maximum  value  of  the  heat 
flux  at  which  we  could  still  determine  z  depended  on  t  and  the 

M 

roughness. 

These  tests  confirmed  the  above  conclusions  concerning  the 
fact  that  at  identical  q  and  p  on  a  roughened  surface  the  number 


of  vapor  formation  centers  and  o  is  greater,  while  At  is  less, 
than  on  a  smooth  surface.  In  addition,  tests  on  a  plate  showed 
that  with  an  increase  in  pressure,  z  and  a  increased  both  on 
smooth  and  roughened  parts  of  the  plate.  The  relative  effect  of 
pressure  in  the  studied  range  of  parameter  variations  is 
approximately  the  same. 

Pigure  1  illustrates  the  experimental  values  of  a  for 
h  p 

q  ■  10  W/m  with  corresponding  R_  for  both  sides  of  the  plate. 

z 

For  the  smooth  part  comparison  was  made  only  at  t  ■  20°C  since 

H  4 

in  the  case  of  t  »  -15,  developed  boiling  began  at  q  >  10  . 

As  is  apparent  from  Pig.  1,  the  results  of  these  tests  agree 
with  the  results  of  tests  for  other  heating  surfaces. 

Pigure  2  illustrates  graph  of  function  a  »  f(q),  obtained 
in  the  experiments,  from  which  it  is  completely  apparent  that  on 
the  smooth  part  of  the  plate  and  at  low  saturation  temperatures, 
developed  nucleate  boiling  begins  at  higher  q  than  on  the 
roughened  part  of  the  plate  and  at  high  t  .  In  the  region  of 

H 

developed  boiling  the  logarithmic  lines  in  Pig.  2  are  approximated 
by  equations  a  ■  Aqn  with  n  ■  0.75  and  A  different  for  different 
t  both  for  smooth  and  roughened  surfaces. 

H 

The  experimental  results  were  processed  in  the  form  of 
function  (2)  (Pig.  3).  All  data  for  the  smooth  and  roughened 
parts  of  the  plate  are  generalized  by  the  following  equation, 
with  an  accuracy  of  ±20%: 


Ate1* -.35.10’ Y4. 

Prom  formula  (4)  it  follows  that 

(4) 

a  -28,5/ V* ; 

(5) 

q  -  87A*uz? . 

(6) 

p  p  -2 

(Here  q  -  W/m  ,  a  -  W/m  ;deg,  z  -  cm  ). 
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Pig.  2.  Heat  transfer  factors  with  boiling  of  P-12: 
a  -  On  a  smooth  plate;  b  -  On  a  roughened  plate. 
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KEY:  (1)  Plate;  (2)  Smooth;  (3)  Roughened. 
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Pig.  3.  Relationship  between  At,  q,  and  z  for  P-12 
boiling  at  p  »  1-11.9  bar: 

1  -  i/i%  -  a.io-V'*-  Designations  are  the  same  as  in 

Pig.  2. 


Experimental  data  processed  in  the  form  of  function 
a  »  f(q1/1,z1//3)  are  presented  in  Fig.  4j  line  1,  corresponding  to 
equation  (5),  is  also  plotted  there.  It  generalizes  the  ex¬ 
perimental  data  in  the  studied  range  of  pressures  with  an  accuracy 
of  ±20%. 


Points  which  correspond  to  extremely  small  heat  fluxes  are 
dropped  (these  points  do  not  appear  on  Pig.  3).  Apparently  this 
is  connected  with  the  different  character  of  the  effect  of  z  and 
q  on  At  and  o  in  this  region. 

Figure  5  presents  the  dependence  of  z  ^  p  on  pressure.  We 
can  assume  that  k  «  1.4  approximately.  Similar  results  for  water 
at  p  *  1-3  bar  were  obtained  in  [2]  with  k  ■  1. 


Pig.  4.  Relationship  between  a,  q,  and  z  for  P-12 
boiling  at  p  ■  1-11.9  bar: 

1  -  Designations  are  the  same  as  in  Pig.  2. 


* 


Fig.  5.  The  effect  of  pressure  on  the  number  of  vapor  for¬ 
mation  centers:  a)  Smooth  plate;  b  )  Roughened  plate, 

•  -  q  »  1. 5*104 ;  0  -  q  ®  10.6-104;  x  -  q  »  0. 65’104;  A  - 

q  -  0.2*104  W/m2.  Lines  -  z  p1/4. 
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The  results  of  these  experiments  allow  us  to  assume  that  the 
effect  of  pressure  on  the  heat  transfer  factor  is  manifested 
generally  through  the  change  in  the  number  of  effective  vapor 
formation  centers.  This  assumption  agrees  with  the  data  from 
the  work  of  Gol’tseva  [27]. 

The  existence  of  proportionality  between  a,  q,  and  2  was 
indicated  in  [1].  Relationships  of  the  type 

q  'v  Atazb  (7) 

were  obtained  from  experiments  with  liquids  having  different 
surface  tensions  (at  a  ■  3/2  and  b  «  1/4)  [29],  as  well  as  from 
an  examination  of  the  boundary  layer  [9,  11].  In  [9]  the  values 
a  *  1,  b  *  0.5  were  obtained;  in  [11]  a  »  2,  b  =  0.25.  And 
finally,  even  Zuber  [11]  obtained  relationship  (7)  with  a  »  5/3 
and  b  ■  1/3  under  conditions  of  liquid  flow  dynamics  created  by 
growing  and  separating  bubbles  and  a  generalization  of  experi¬ 
mental  material. 

In  the  light  of  the  data  obtained  in  this  work,  the  results 
are  not  unexpected.  Their  peculiarity  consists  in  the  fact  that 
they  describe  tests  with  different  pressures  since,  as  far  as  we 
know,  all  previous  studies  were  carried  out  at  atmospheric 
pressure.  The  numerical  values  for  a  and  b  in  formula  (6)  are 
near  the  values  presented  above  obtained  by  Tien  [9]  and  Zuber[ll]. 

The  effect  of  the  physical  properties  of  liquids  and  pressure 
on  the  number  of  vapor  formation  centers  can  be  evaluated  if  we 
examine  the  conditions  necessary  for  the  occurrence  of  boiling 
on  a  hard  heating  surface.  They  presuppose,  first,  the  formation 
of  a  vapor  phase  nucleus  in  liquid  phase,  which  requires  the 
surmounting  of  a  certain  energy  barrier  in  the  form  of  the 
difference  in  thermodynamic  potentials  of  the  system  before 
and  after  the  nucleus  is  contained  in  it  and,  second,  the  fact 
that  the  dimensions  of  the  nucleus  are  greater  than  the  value  of 
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Hmin>  which  can  be  determined  by  the  thermodynamic  and  mechanical 
bubble  equilibrium  conditions. 


The  quantities  A$  [22,  5,  12,  25]  and  Rmin  [22,  23]  are 
determined  by  expressions: 


A<t>  = 


16-.-3  ,  4 

3(f7*A/)«  3 


(8) 

(9) 


(10) 


% 


* 


Here  o  is  surface  tension;  T  is  the  absolute  saturation  tern- 

H 

perature  of  the  liquid;  r  is  the  heat  of  vaporization;  yn  is  the 
specific  weight  of  the  vapor,  A  «•  1/42?  kcal/kgf*m;  t  is  a 
quantity  depending  upon  chemical  properties  of  liquid  and  the 
examined  element  of  the  surface  and  on  the  geometric  characteristics 
of  the  latter  [5,  12,  24]. 


Smaller  and  Rmin  will  correspond  to  easier  conditions  for 
boiling  and  a  larger  number  of  vapor  formation  centers.  Thus,  we 
can  assume  that  the  set  of  physical  properties  introduced  into 
equations  (9)  and  (10)  also  determines  the  number  of  z,  all  other 
things  being  equal. 


In  [7]  the  quantity  Rmin  is  taken  as  the  quantity  which 
uniquely  determines  the  number  of  vapor  formation  centers  in 
various  liquids  boiling  at  various  pressures  and  temperature  drops 
on  the  same  type  of  heating  surface.  The  processing  of  their 
own  experiments  with  ethyl  and  methyl  alcohol  and  tests  [8]  with 
acetone,  hexane,  CaCl^,  and  CS£  in  the  form  of  function  z  *  f(Rmin) 
allowed  the  authors  [7]  to  assume  the  assumption  introduced  by 
them  was  correct.  An  examination  of  the  graph  presented  in  [7] 
shows  that  the  form  of  the  function  obtained  is  curvilinear. 

The  character  of  the  function  for  surfaces  of  different  mechanical 
processing  was  the  same.  Labur.tsov  [12]  proposed  that  we  assume 
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z  Hmin.  This  relationship  is  confirmed  by  tests  in  [2]  and  [8]. 

The  conclusions  in  [12]  and  [7]  concerning  the  effect  of  R^ln 
on  z  agree  qualitatively  and,  to  a  certain  extent,  quantitatively. 

Figure  6  illustrates  the  function  z  =  f (1/Rmin)  for  freon-12 
boiling  on  a  plate  in  the  region  of  developed  boiling.  In  Fig.  6 
it  is  apparent  that  tests  on  the  same  heating  surface  at  different 
pressures  are  united  by  quantity  Rmin« 

2,  f/CM* 

m 


m 


IDO 

90 

to 

70 

to 

to 

40 

30 


20 

IS 
12 

tl*mi»-!0’*,  lit* 

Fig.  6.  Relationship  between  z  and  Rmin  for 
a  smooth  and  roughened  plate: 

-l  5  -2 

1  -  z  *v»  J  2  -  z  'v  Rmin*  Designations  are 

the  same  as  in  Fig.  2. 

Experiments  on  the  smooth  and  roughened  parts  of  the  plate 
are  characterized  by  different ’ values  for  z  at  identical  Rmin  and 
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by  the  fact  that  the  latter  affects  Z  to  varying  degrees.  In  the 
first  approximation  we  can  assume  that  the  effect  of  pressure, 
physical  properties,  and  At  on  the  number  of  vapor  formation 
centers  can  be  taken  into  account  with  the  aid  of  quantity  R.rjin» 

As  for  the  effect  of  the  state  of  the  heating  surface,  it  is  not 
reflected  by  the  value  of  RBiin* 

As  indicated  above,  the  effect  of  heating  surface  processing 
purity  on  the  heat  transfer  factor  of  boiling  freons  can  be 
accounted  for  with  the  height  of  the  roughness  R_.  Apparently, 
this  quantity  does  not  reflect,  to  a  full  extent,  the  character 
of  the  effect  of  roughness  on  conditions  for  the  generation  and 
separation  of  bubbles;  for  this  we  must  still  know  the  diameter 
and  the  flare  angle  of  the  recesses.  However,  a  certain 
evaluation  of  the  effect  of  roughness,  which  more  precisely  defines 
the  condition  for  comparison  of  various  tests,  and  calculation 
formulas  for  a  can  be  arrived  at  with  the  aid  of  this  quantity. 

The  quantity  Rz  characterizes  the  height  of  the  deepest 

depressions  and,  to  a  certain  extent,  the  average  depth  of  the 

depressions  at  a  given  surface  processing.  As  follows  from  an 

examination  of  prof ilograms ,  taken  from  a  plate  and  from  several 

pipes,  the  form  of  the  depressions  is  conical,  flare  angle  is 

somewhat  reduced,  and  the  diameter  of  the  depression  increases 

with  an  increase  in  R„. 

z 

On  the  other  hand,  in  narrow  conical  depressions,  considerable 
overheating  on  the  heating  surface  is  possible  for  liquid  in  the 
depression;  consequently,  there  is  a  greater  probability  of  the 
appearance  of  vapor  bubbles  due  to  the  flashes  of  overheating  and  » 

thermal  fluctuations  inside  the  liquid  [19,  28].  In  addition, 
the  complete  filling  of  such  depressions  by  liquid  is  difficult 
[5]  and,  consequently,  there  is  always  the  possibility  of  finding  , 

bubbles  remaining  in  them  (after  the  boiling  process  has  ceased) 
which  are  equal  to  or  greater  than  R  A  . 
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And,  finally,  as  theoretical  studies  [5]  and  [12]  have  shown, 
the  dimensions  and  shape  of  a  depression  affect  the  quantity 
A$.  The  function  depends  upon  the  microscopic  contact  angle 
0  and  flare  angle  of  the  depression  2<j>. 

Average  macroscopic  contact  angles  for  freons,  based  on  the 
results  of  our  measurements  and  also  data  presented  in  [7]  and 
[13]  are  0q  ■  30-60°.  With  this  0  >  0q  [26,  12].  If  we  assume, 
on  the  average,  0  ■  70°,  then  with  an  increase  in  <)>  from  90  to 
60°,  changes  from  0.75  to  0.5  [12]. 

With  a  decrease  in  (j>  and  an  increase  in  0  the  values  of 
and  At  are  reduced  more  significantly. 

The  considerations  presented  above  give  a  basis  for  the 
selection  oi  Rz  as  the  parameter  which  determines  the  effect  of 
roughness  on  heat  exchange  intensity  during  boiling.  In  addition, 
this  selection  was  dictated  by  the  possibility  of  determining 
such  a  parameter  and  using  it  in  the  practical  application  of 
calculation  formulas  for  various  heating  surfaces. 

The  effect  on  the  heat  release  factor  of  the  physical 
properties  and  the  pressure  of  freons  boiling  on  a  certain  surface 
is  reflected  by  the  relationship  presented  in  [21,  30]: 

(11) 


Heat  transfer  factors  during  boiling  on  another  surface  can 

0  2 

be  found  by  multiplying  expression  (11)  by  (R„/R„  •, )  *  . 

It  is  assumed  that  the  effect  of  Rz  at  various  p  and  q  is 
the  same.  With  a  known  degree  of  approximation  such  a  conclusion 
can  be  made  on  the  basis  of  results  obtained  in  the  above 
described  tests. 


31 


The  calculation  formula  for  heat  transfer  during  freon 
boiling  in  a  large  volume,  under  conditions  of  developed  nucleate 
boiling,  assumes  the  form: 

*  =  *0 *  (12) 

Here 

ce  =»  550plf4  Tg*M ~ '*  (  W  *3)14  *  deg •  l 
cQ**530p)£TZjtM~'t(  kca^)141/  deg  » 

/ 1 P)  “  (^,14  -f  2,2  (pifixp)  for  °*05  < 

R_  ■  1  ym,  R  is  the  height  of  the  roughness  of  the  calculated 
Z  j  u  z 

heating  surface,  um;  p  is  the  critical  pressure,  bar  (or  atm 

Kp 

(abs.));  T  is  critical  temperature,  °K;  M  is  molecular  weight; 

Kp  2  2 

q  is  specific  heat  flux,  W/m  (or  kcal/m  *h). 

For  industrially  prepared  pipes  processing  purity  corresponds 
to  class  V8-V7  and  Rg  *  2-6  pm;  the  heat  transfer  factor  is 
higher  by  a  factor  of  1.15-1.4,  as  compared  with  a  surface  having 
Rz  -  1. 

During  boiling  in  industrially  prepared  pipes  formula  (12), 
for  determining  the  average  heat  transfer  factor,  reduces  to  the 
form: 

for  freon- 12 

«.5.SS‘"/W.  (15) 

for  freon-22 

a.  6  &**/{?).  (16) 


(13) 

(14) 
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STUDY  OF  EXCHANGE  FACTORS  AND 
DROPLET  DIFFUSION  IN  DISPERSED 
ANNULAR  FlOW 


I.  I.  Paleyev,  F.  A.  Agafonova, 
M.  E.  Lavrent'yev,  and  K.  P. 
Malyus-Malit8kiiy 


Designations 


w_  -  average  gas  velocity,  m/s; 

•  a 

c  -  concentration,  kg/m J ; 

p 

g  -  specific  mass  flow,  kg/s*m  ; 

g  -  flow  rate  of  liquid  in  film  per  unit 
perimeter  of  channel,  kg/m*s; 

G  -  full  mass  flow,  kg/s; 

d  -  diameter,  m; 

2 

p  -  density,  kg-s  /m  ; 

D.  -  coefficient  of  turbulent  droplet  or 
T  2 
particle  diffusion,  m  /s; 

K  -  exchange  factor; 

'/?»  -  dynamic  velocity; 

Rer=*  ~~  -  Reynolds  number  for  gas. 

ft 


Subscripts:  n/i  -  film,  B3B  -  suspension,  buh  -  removal, 
sun  -  deposit,  n  -  core,  r  -  gas,  w  -  liquid,  Hp  -  dye,  h  -  drop, 
m  -  particle. 
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With  dispersed  annular  flow  of  a  fluid  mixture  in  channels 
there  is  an  intense  mass  exchange  of  the  liquid  flowing  in  the 
form  of  a  thin  film  on  the  channel  walls  and  moving  in  the  form 
of  small  drops  in  the  flow  core.  This  mass  exchange  has  a 
considerable  effect  on  the  physical  processes  which  accompany 
such  two-phase  flow. 

The  phenomena  of  liquid  drop  transfer  in  the  core  of  a 
dispersed  annular  flow  (removal  and  deposit)  are  connected,  first, 
with  the  turbulent  pulsations  of  drops  in  the  gas,  i.e.,  with 
their  turbulent  diffusion  coefficient.  During  the  turbulent 
motion  of  the  gas  which  carries  the  suspended  particles,  the 
latter  perform  complex  pulsation  motion. 

Since  the  density  of  the  liquid  is  greater  than  the  density 
of  the  gas  (p^  >>  p  ),  pulsation  freq\ency,  velocity,  and  mean 
free  path  of  the  drops  can  differ  from  the  corresponding  quantities 
for  pure  gas.  Droplet  size  also  has  a  considerable  effect.  If 
the  drops  are  small  as  compared  with  the  scale  of  the  turbulence, 
they  will  easily  follow  behind  the  components  of  turbulent  gas 
motion.  Certain  limiting  cases  of  particle  motion  in  turbulent 
gas  flow  are  examined  by  Khintse  [1],  We  are  familiar  with  a 
rather  limited  number  of  experimental  works  on  the  problems  of 
drop  (or  particle)  transfer  in  gas  flow.  These  are  references 
[2,  3]  concerning  the  measurement  of  diffusion  coefficients  and 
references  [3,  4,  5,  6]  in  which  deposit  (or  removal)  of  liquid 
drops  from  the  flow  core  to  the  wall  is  studied.  However, 
quantitative  results  obtained  by  various  authors  disagree  con¬ 
siderably.  For  example,  the  values  of  the  diffusion  coefficients 
measured  in  references  [2]  and  [33  differ  by  approximately  two 
orders . 

In  our  work  the  turbulent  diffusion  coefficient  for  drops 
in  gas  Dt  was  determined  by  the  distribution  of  dye  throughout 
the  height  of  the  channel,  and  the  exchange  coefficient 
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K  *  gOLIU/cwr  by  the  variation  in  dye  concentration  in  the  liquid 

5  y  h  I 

film  flowing  along  the  lower  channel  wall. 

The  experimental  apparatus  was  a  channel  of  organic  glass, 
rectangular  cross  section  15  *  20  mm  and  length  740  mm.  A  solution  • 
of  dye  (methylene  blue)  was  introduced  directly  into  the  liquid 
film  through  a  slot  0.5  x  18  mm  in  the  lower  channel  wall.  In 
order  to  obtain  a  uniform  feed  throughout  the  channel  width  the  * 

slot  was  covered  with  porous  plastic.  The  flow  rate  of  the  dye 
was  selected  experimentally  so  that  the  flow  of  the  film  was 
distorted  as  little  as  possible  to  obtain  a  good  displacement  of 
the  dye  throughout  its  width  and  to  insure  stable  operation  of 
the  photocolorimeter,  with  which  the  concentration  of  the  dye 
was  determined.  The  dye  was  introduced  for  a  distance  of  400  mm 
into  the  working  section  (l/H  ■  27).  Concentration  of  dye  in  the 
film  was  measured  at  five  points  along  the  length  of  the  channel 
every  50  mm;  reading  began  from  the  introduction  point  (with 
maximum  film  thickness  $  *  0.5  nun,  1^/6  ■  100).  The  flow  rate  of 
the  liquid  in  the  film  was  measured  at  the  end  of  the  working 
section  along  each  of  the  channel  walls  separately.  The  mass 
flow  of  the  suspension  and  the  concentration  of  dye  in  it  along 
the  height  of  the  channel  was  also  measured  at  the  end  of  the 
working  section. 


The  equation  of  turbulent  diffusion  for  the  liquid  drops 
separating  from  the  film  -  dye  diffusion  equation  -  can  be 
written  approximately  in  the  following  form; 


'  ** 


D 


(1) 
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It  was  assumed  that  the  lateral  velocity  of  the  drops  upon 

separation  u„  ■  0,  and  the  longitudinal  velocity  u  ■  w  .  The 
y  a  r 

latter  can  be  reduced  to  a  certain  overstatement  of  DT.  The 
boundary  conditions  are: 
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The  last  condition  assumes  that  the  concentration  of  dye  in 
drops  separating  from  the  film  is  equal  to  the  concentration  of 
dye  in  the  film  itself.  The  second  boundary  condition  can  be 
written  in  such  a  form  since  throughout  the  tests  no  dye  was 
detected  in  the  film  on  the  upper  channel  wall.  The  solution  to 
equation  (1),  with  allowance  for  (2),  has  the  form: 
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where  L  is  the  distance  from  the  dye  introduction  spot  to  the 
extraction  spot  at  the  end  of  the  working  section.  A  comparison 
of  the  experimental  profile  of  dye  concentration  along  the  height 
of  the  channel  with  the  profile  calculated  by  expression  (3) 
makes  it  possible  to  obtain  a  value  for  the  turbulent  drop 
diffusion  coefficient  in  gas  DT  for  each  test.  We  should  note 
that  with  the  test  setup  both  the  average  diffusion  coefficient 
along  the  channel  cross  section  and  the  average  diffusion  co¬ 
efficient  for  the  entire  spectrum  of  drops  in  the  flow  were 
determined. 


* 


The  expression  for  determining  the  exchange  coefficient  K 
can  be  obtained  from  the  balance  of  dye  for  an  arbitrary  section 
of  liquid  film: 


rfQ«4) 

dx 


(4) 


For  steady  flow  g0b|H  -  gQun  «  const,  gnfl  =  const,  GHp  *  const. 
Under  condition  i-'p  «*r?P  from  (4)  we  obtain 
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Since  the  variation  in  dye  concentration  in  the 
the  length  of  the  channel  is  known  from  the  test,  it 


film  along 
is  easy  to 
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determine  quantity  a  from  expression  (5)  and,  consequently,  the 
quantity  of  separating  liquid  g  and  the  exchange  coefficient  K. 

The  values  obtained  in  our  tests  for  the  turbulent  diffusion 
coefficients  of  drops  in  gas  are  presented  in  Fig.  1  as  a  function 
of  gas  velocity.  From  Fig.  1  it  is  apparent  that  the  quantity  Dt 
decreases  with  an  increase  in  gas  velocity.  We  detected  no  effect 
of  suspension  concentration  on  the  drop  diffusion  coefficient 

p 

(with  the  variation  c  »  0.1-1. 5  kg/m  ).  The  absolute  values  of 

o  p 

Dt  in  our  tests  lay  in  the  range  (1.5-2. 2)  x  10  J  m  /s  and  were 
near  in  order  of  magnitude  to  the  turbulent  diffusion  coefficients 
of  dry  gas  in  pipes,  calculated  according  to  Qoldenberg’s  formula 
[7]  for  a  single-phase  flow.  On  Fig.  2  the  same  experimental 
data,  presented  in  the  form  of  the  parameter  DT/wpd  versus  the 
Reynolds  number,  are  compared  with  the  data  from  other  studies. 
Curve  1  pertains  to  tests  in  C 33  in  which  DT  was  determined  by 
the  deformation  of  the  profile  of  suspended  liquid  concentrations 
along  the  length  of  the  channel  in  the  initial  section  of  a  two- 
phase  stream.  (Average  drop  size  was  30  urn).  The  relatively 
overstated  values  for  DT  in  these  tests  are  explained  by  the 
higher  initial  turbulence  of  the  gas  flow  itself  in  the  stabili¬ 
zation  section. 


Fig.  1.  Turbulent  diffusion  coefficient  of  liquid 
drops  in  gas  versus  the  Reynolds  number  of  the  gas: 

®  -  c  *  (0.10-0.14)  kg/m3 ;  •-  (0.25-0.39)* 

0  -  (0.43-0.76);  A  -  (0.81-1.50). 
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Pig.  2.  DT/wrd  versus  Rer  number: 

□  -  [3] 5  •  -  Our  data;  0  -  d^  ■  200  ym  [2];  A  -  d^  « 

100  ym  [2]. 

Curves  3  [2]  are  obtained  for  the  motion  of  solid  (glass) 
particles  in  a  gas  flow.  (Horizontal  channel,  gas  velocity  8-26 
m/s).  As  is  apparent,  the  spread  between  experimental  data  from 
various  authors  is  rather  significant. 


However,  such  a  method  of  representing  experimental  data 
does  not  account  for  particle  dimensions,  particle  density,  or 
the  turbulence  characteristics  of  the  carrier  gas  flow.  In 
reference  [1]  it  is  theoretically  shown  that  the  ratio  of 
turbulent  diffusion  coefficients  for  particles  DT  and  gas  DT 


must  be  a  function  of  the  St  number  - 


and  dimensionless  time 


i/u  (tl  “  Lagrange  time  scale).  The  character  of  this  relation¬ 
ship  is  such  that  with  an  increase  in  St  and  t/xT  the  D  /D 

L  T  Tp 

ratio  also  increases  and  at  the  limit  tends  toward  unity.  A 
quantitative  evaluation  of  the  parameters  St  and  t/xL  in  our  tests 
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and  in  tests  discussed  in  reference  [2]  shows  that  the  character 
of  the  divergence  between  these  test  data  corresponds  to  theory, 
i.e.,  large  values  of  this  parameter  correspond  to  large  values 
of  Dt  (if  the  values  of  D  were  identical). 

For  calculation  of  the  average  turbulent  diffusion  coefficient 
of  drops  during  the  motion  of  an  air-water  mixture  in  drops  we 
can  recommend  the  following  empirical  formula: 

6,4.10*.Rer-u*.  (6) 

This  formula  is  obtained  with  a  variation  in  the  Reynolds  number 
Rer  *  6*10  -16.5*10^  ,and  a  per-volume  concentration  of  suspended 
liquid  cA  -  1-10”4-15-10"  . 

m 

Test  results  with  respect  to  determining  exchange  coefficients 
are  presented  in  Fig.  3  as  a  function  of  the  Rer  number.  Sus¬ 
pension  concentration  in  the  flow  is  chosen  as  the  parameter  on 
this  figure.  The  effect  of  the  per-volume  fraction  of  suspension 
in  the  flow  on  the  exchange  coefficient  is  shown  in  Fig.  4.  With 
an  increase  in  the  liquid  load  of  the  flow  core  the  value  of  K 
drops.  However,  with  c/y  ■  8*10”^  the  drop  rate  of  K  is  sharply 

fH 

retarded  and  with  a  further  increase  in  the  suspension  concen¬ 
tration  the  exchange  coefficient  changes  only  slightly.  The  same 
effect  of  the  per-volume  content  of  suspension  in  the  flow  on  the 
exchange  coefficient  was  noted  in  references  [4,  5], 

The  test  data  on  exchange  coefficients  obtained  in  our  work 
can  be  approximated  as  follows: 

Rer*r,w (c •  10*) *W1,  when  r  7*  <8  l0"4:  (7) 

/(=»l,03Rer"ft*45(c,7*  *  10c)  when  >  S»10"\  (7a) 
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Fig.  3.  Exchange  coefficient  versus  gas  Reynolds 
number.  (Designations  -  see  Fig.  1). 
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Fig.  4.  The  effect  of  the  per-volume 
fraction  of  suspended  liquid  on  the 
exchange  coefficient. 
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From  the  Reynolds  analogy  between  mass  transfer  and  momentum 
for  a  single-phase  flow  there  ensues  a  connection  between  the 
exchange  coefficient  and  resistance  coefficient  which  is  valid 
for  gases  at  Pr  *  1  for  gradientless  flow: 


'  r«rr 


I 

nr* 


(8) 


Figure  3  illustrates  the  region  of  resistance  coefficient 
variation,  calculated  according  to  the  mean  density  of  the  flow 
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core  and  the  measured  pressure  drop,  without  taking  into  account 
loss  from  flow  acceleration.  It  is  apparent  from  Pig.  3  that  the 
character  of  the  dependence  on  the  Rer  number  is  identical  for 
C/8  and  K.  However,  for  K  the  dependence  on  the  concentration  is 
expressed  more  strongly  than  for 

The  values  for  the  exchange  coefficients  obtained  in  our  work 
are  mean  integral  values  for  the  entire  drop  spectrum  in  the  flow. 
An  examination  of  the  experimental  data  from  reference  [6]  on  the 
deposition  of  solid  particles  from  gas  flow  onto  a  channel  wall 
shows  that  the  rate  of  deposition  depends  strongly  on  particle 
size  if  the  dimensionless  distance  through  which  the  particle 
passes  under  the  effect  of  turbulent  gas  pulsation  with  the 
Stokes  law  of  resistance  St  =  0.9  %^JL.  is  greater  than  3.5. 

The  research  conducted  on  transfer  processes  in  a  dispersed 
annular  fluid  flow  indicates  that  these  processes  have  a  very 
complex  character.  Unfortunately,  at  this  time  not  enough  ex¬ 
perimental  data  have  been  compiled  for  a  more  complete  analysis 
and  generalization  of  the  available  experimental  material. 
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CHARACTERISTICS  OF  HEAT  EXCHANGE 
DURING  THE  BOILING  OF  CERTAIN 
ORGANIC  SOLUTIONS  AND  DISPERSED 
MEDIA 

G.  M.  Pludovskaya 
Abbreviations 

pacs  «  calculated 

on  »  experimental 

In  this  work  we  have  made  an  experimental  study  on  the 
process  of  boiling  in  certain  aqueous  solutions  of  organic  com¬ 
pounds,  which  are  homogeneous  and  contain  suspended  particles. 

The  choice  of  such  media  has  made  it  possible  to  distinguish  the 
qualitative  effect  of  liquid  viscosity  and  heating  surface 
orientation  on  the  intensity  of  heat  exchange  during  boiling  and 
to  obtain  certain  first  recommendations  with  respect  to  a 
quantitative  evaluation  of  heat  transfer  intensity.  These  data 
have  great  significance  in  the  selection  of  optimal  conditions 
for  industrial  thermal  processes  in  the  chemical,  microbiological, 
food,  and  other  industries. 

The  main  series  of  tests  were  made  with  a  sugar  solution  of 
varying  concentrations  from  20  to  60% ,  which  corresponds  to 
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the  liquid  viscosity  variation  from  3.8*10'*'’  to  3^*10  **  kg* s/m2. 

A  sugar  solution  was  selected  for  the  basic  tests  because 
there  are  data  available  in  literature  on  heat  exchange  in  such 
media  [1]. 

These  data  were  the  starting  point  in  our  work  for  comparing 
them  with  the  results  of  tests  made  subsequently  with  certain 
nutrients  used  in  the  microbe  synthesis  industry,  particularly  in 
antibiotics. 

It  should  be  noted  that  the  above  mentioned  tests  with  sugar 

solution  were  made  for  large  volumes.  However,  in  our  experiments 

the  volume  of  boiling  liquid  was  quite  small.  The  heat  transfer 

factor  during  boiling  was  determined  in  horizontal  and  vertical 

cylinders  100  mi  in  volume  with  a  heater  located  inside  in  the 

form  of  a  quartz  pipe  d  *  18  mm,  which  emitted  heat  from  an 

electric  spiral  passing  through  it.  The  heating  surface  of  the 

o 

pipe  was  H  «  0.038  m  .  The  heat  transfer  factor  was  calculated 
from  the  familiar  formula: 


p 

where  q  is  thermal  loading,  kcal/m  ;  t  is  heater  wall  temperature; 
ts  is  the  temperature  of  the  boiling  medium. 

Each  series  of  tests  included  no  less  than  five  measurements 
of  wall  temperature  and  medium  temperature  after  achieving  steady 
state. 

The  transition  to  steady  state  was  determined  by  a  pre¬ 
liminary  group  of  control  measurements .  In  all,  13  series  of 
such  tests,  generalizing  data  from  more  than  65  single  tests, 
were  conducted.  Tests  were  made  on  water,  on  sugar  solutions, 
and  on  nutrients  for  the  production  of  penicillin,  tetracycline, 
and  streptomycin,  containing  suspended  particles  of  cornmeal  and 
solutes  in  the  form  of  glucose,  common  salt,  etc. 


I 


I 

I 


I 


« 


In  the  experiments  the  thermal  load  and  temperature  drop  were 
kept  constant. 

Thermal  load  during  work  with  a  horizontal  heater  varied 

o  p  o  2 

in  two  limiting  values:  19*9,10J  kcal/m  ■  83*10J  kJ/m  and 
20.1*103  kcal/m2  «  83.5*103  kJ/m2,  while  during  work  with  a 
vertical  heater  q  ■  15.5*103  kcal/m2  ■  63*103  kJ/m2  and  11  *  103 
kcal/m2  «  73.5.103  kJ/m2. 

The  boiling  temperature  of  the  studied  liquids  did  not  ex¬ 
ceed  110°C.  For  the  sugar  solution  it  varied  from  100  to  109°C. 
Within  these  limits  the  temperature  of  the  studied  media  also 
varied. 

The  table  below  presents  the  average  values  of  the  heat 
transfer  factors  obtained  in  the  experiments  at  atmospheric 
pressure.  It  is  apparent  from  the  table  that  the  arrangement  of 
the  heating  surface  only  slightly  affects  heat  transfer  during 
boiling  of  water  and  sugar  solutions.  Reduced  values  of  the 
heat  transfer  factors,  in  those  cases  with  a  vertical  heater,  are 
determined  not  as  much  by  its  orientation  as  by  the  reduced 
thermal  load  under  which  the  tests  were  performed.  The  re¬ 
calculation,  for  example,  of  the  heat  transfer  factor  for  water 
by  the  increased  load  with  respect  to  the  familiar  relationship: 

V-  =» V (-~-)9,T - 7737 - 9450  kcal/m2 -h-deg 

showed  that  the  quantity  o  for  the  case  of  boiling  with  a  vertical 
heater  becomes  very  near  the  value  obtained  for  this  coefficient 
in  the  case  of  boiling  water  with  a  horizontally  arranged  heater. 

These  data  agree  rather  well  with  the  results  of  M.  Yakob's 
experiments  [2],  performed  for  cases  of  boiling  in  large  volumes 
of  water  and  carbon  tetrachloride. 
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(3)  Thermal  load 


— 2~.10-^;  (4)  Heat  transfer  factor  — — ; 
m  m  *h*deg 

(5)  Boiling  temperature,  °C;  (6)  Arrangement  of  heating 
surface;  (7)  Water;  (8)  Sugar  solutions;  (9)  Nutrient  for 
tetracycline;  (10)  Nutrient  for  penicillin;  (11)  Nutrient 
for  streptomycin;  (12)  Horizontal;  (13)  Vertical. 


In  all  cases,  the  horizontal  arrangement  of  the  heating 
surface  intensified  heat  transfer  during  boiling,  increasing  the 
heat  transfer  factor  in  a  ratio  of  I.I-1.3, 


In  a  somewhat  different  respect,  while  preserving  the  same 
character,  the  orientation  of  the  heating  surface  affects  heat 
exchange  during  boiling  in  nutrients  containing  suspended  particles. 
The  presence  of  particles  in  a  boiling  medium  noticeably  contributes 
to  the  intensification  of  the  boiling  process,  apparently  causing 
a  turbulization  of  the  medium.  This  situation  is  illustrated 
leather  well  by  the  figure,  on  which  the  relation  of  the  heat 
transfer  factor  and  the  viscosity  present  in  the  boiling  medium 
is  represented.  The  upper  curve  corresponds  to  the  series  of 
tests  with  water  and  sugar  solutions  of  different  concentrations 
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during  a  horizontal  heater  arrangement  and  specific  thermal  load 

o  p 

of  q  *  20*10  kcal/(m  *h*deg).  The  lower  curve  represents  the 
results  of  tests  with  a  vertical  heater  arrangement  and  a  specific 

o  p 

thermal  load  of  q  =  15  x  iq->  kcal/m  *h* deg. 


Heat  transfer  factor  during 
boiling  versus  viscosity  of 
the  liquid: 

1  -  Horizontal  heating  surface 

q  ■  20*10^  kcal/m2 *h;  2  - 
Vertical  heating  surface 

3  p 

q  *  15 ‘lO-5  kcal/m  *h;  3  - 
Order  of  magnitude  of  heat 
transfer  factor  for  dispersed 
media  studied. 

As  is  apparent  from  the  figure,  the  effect  of  viscosity  on 
the  value  of  the  heat  transfer  factor  is  sufficiently  perceivable 
only  in  the  region  of  insignificant  concentrations  for  the  sugar 
solution,  i.e.,  at  low  initial  variations  in  its  viscosity. 

With  an  increase  in  concentration  and,  accordingly,  solution 
viscosity,  its  effect  on  the  value  of  the  heat  transfer  factor  is 
reduced.  The  curve,  in  practice,  flattens  out. 

These  results  substantiate  the  conclusions  of  V.  M. 
Borishanskiy  [3]  concerning  the  considerable  effect  of  medium 
viscosity  on  the  intensity  of  the  boiling  process  only  in  regions 
of  low  concentrations  and  small  thermal  loads.  The  obtaining  of 
quantitative  recommendations,  taking  this  effect  into  account, 
is  the  subject  of  a  separate  study.  Of  particular  interest  are 
the  data  obtained  in  tests  for  nutrients,  which  are  two-phase 
systems  with  varying  degrees  of  dispersion. 

These  media  contain  dissolved  and  scattered  protein  com-  . 
ponents  in  the  form  of  particles,  which  give  to  the  solutions  the 


ability  to  change  their  viscosity  discretely  at  certain 
temperatures. 

As  the  boiling  point  is  approached,  clusters  are  formed 
which,  along  with  the  particles,  create  noticeable  turbulence 
throughout  the  liquid.  Therefore,  for  such  media  it  is  meaning¬ 
less  to  establish  the  relationship  between  the  heat  transfer 
factor  during  boiling  and  the  viscosity  of  the  medium. 

As  is  apparent  from  the  figure,  in  spite  of  the  fact  that  in 
such  media  conditional  viscosity  becomes  substantially  higher 
than  for  puve  water  (on  the  average,  for  the  media  y  ^  30*10 

p 

kg* s/m  ),  the  heat  transfer  factor  for  them  is  near  its  value  for 
water  under  corresponding  conditions,  i.e.,  it  has  a  greater 
value  than  it  would  have  to  have  according  to  the  actual 
medium  viscosity.  We  should,  therefore,  perform  additional 
research  to  clarify  the  effect  of  the  size  of  the  particles 
suspended  in  the  medium  and  the  medium's  degree  of  dispersion  on 
heat  transfer  intensity  during  boiling. 

The  importance  of  accumulating  further  data,  particularly 
on  the  thermophysical  characteristics  and  peculiarities  of  heat 
and  energy  exchange  during  boiling,  is  dictated  by  the  necessity 
for  using  them  In  the  engineering  development  of  technological 
processes  and  the  equipment  of  enterprises  in  a  number  of 
industrial  areas,  for  the  purpose  of  organizing  more  effective 
and  economical  heat  consumption  in  industrial  engineering. 
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A  STUDY  OF  HEAT  TRANSFER  AND 
THERMAL  MODES  DURING  THE  FORCED 
FLOW  OF  WATER  IN  ECCENTRIC 
ANNULAR  CHANNELS 


P.  A.  Andreyev,  N.  S.  Alferov, 
and  R.  A.  Rybin 


Designations 

t  -  temperature,  °C; 

p 

a  -  heat  transfer  factor,  kcal/m  ‘h^C; 
e  *  -  relative  eccentricity; 

e  -  eccentricity,  m; 
d  -  channel  diameter,  m; 

2 

q  -  thermal  flux,  kcal/m  -h. 

Subscripts: 

ct  -  wall, 
a  -  water, 

3kb  -  equivalent, 
pecs  -  calculated, 
noT  -  loss, 
h  -  external, 
bh  -  internal. 
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In  the  making  of  heat  exchangers  of  the  pipe-in-pipe  type 
there  can  occur  a  deviation  from  the  mutually  concentric  arrange¬ 
ment  of  the  pipes  forming  the  heat  exchangers.  A  deviation  from 
the  concentric  arrangement  and,  at  the  limit,  a  touching  of  the 
pipes  can  lead  both  to  a  change  in  the  heat-exchange  character¬ 
istics  of  the  channel  and  to  the  appearance  of  a  substantial 
temperature  misalignment  along  the  perimeter  of  the  pipes.  The 
latter  during  independent  heating  (for  example,  during  nuclear) 
can  cause  overburning  of  the  pipes  [1], 

There  have  been  very  few  experimental  works  in  this  direction 
in  spite  of  their  obvious  practical  value.  In  reference  [2], 
based  on  tests  with  vertical  annular  eccentric  slots,  a  formula 
for  heat  transfer,  averaged  along  the  channel,  is  obtained,  and 
it  is  noted  that  a  temperature  misalignment  occurs  along  the 
perimeter  of  the  channel. 

In  L3]  it  is  indicated  that  the  eccentricity  of  the  pipes 
forming  the  annular  channel  causes  a  considerable  nonuniformity 
in  wall  temperature  along  the  channel  perimeter. 

In  our  work  we  have  studied  heat  transfer  in  an  annular 
channel  at  d2/d]L  ■  1.2  during  the  flow  of  water  under  a  pressure 
of  150  atm  (abs.).  Tests  were  made  with  a  relative  eccentricity 
e  variation  from  0  to  -0.9  in  convective  heat  transfer  modes 
during  the  turbulent  flow  of  water*  and  during  surface  boiling. 

A  more  detailed  description  of  the  experimental  apparatus, 
which  is  a  closed  circulation  loop  with  a  forced  circulation  of 
water,  is  presented  in  reference  [*!].  The  annular  slot  of  the 
experimental  channel  was  formed  by  pipes  15  x  1  and  20  *  1  in 
diameter.  With  the  aid  of  special  adapters  in  the  upper  and 


*With  a  determination  of  Re  based  on  average  water  velocity, 
average  temperature,  and  dgKB  =  d2  -  d^. 
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lower  sections  of  the  working  channel,  the  internal  pipes  could 
be  shifted  relative  to  the  external.  The  parallel  nature  of 
both  pipes  was  preserved  (Pig.  1). 

In  the  upper  and  lower  chambers  of  the  experimental  channel 
four  thermocouples  each  were  established  in  sleeves  at  diametrically 
opposite  points.  Electrical  insulation  and  sealing  of  the  pipes 
in  the  upper  part  of  the  channel  was  accomplished  with  paronite 
lining,  and  in  the  lower  section  with  a  stuffing  gland.  The 
gland,  however,  permitted  a  relative  mutual  displacement  of  pipes 
in  an  axial  direction  because  of  the  unlike  thermal  expansion. 

The  internal  pipe  was  heated  by  passing  electrical  current  through 
it.  The  current  was  fed  to  terminals j  the  lower  terminal  was 
detachable. 

To  remove  heat  from  the  ends  of  the  internal  pipe  which  were 
not  cooled  by  the  basic  flow  of  water,  these  ends  were  made  in 
the  form  of  tap  water-cooled  condensers.  Thermal  insulation  and 
heat-loss  compensation  were  accomplished  as  in  reference  [4], 

For  measuring  the  wall  temperature  of  the  internal  pipe  of 
the  channel,  thermocouples  were  placed  in  four  sections  along  its 
length:  in  each  section  four  thermocouples  were  installed.  Since 
the  water  temperature  along  the  perimeter  of  the  channel  and, 
consequently,  at  its  outlet,  due  to  the  eccentricity  and  constant 
thermal  load1,  could  be  substantially  nonunifox’m,  a  mixing 
cylinder  was  installed  at  the  channel  outlet  to  determine  the 
average  per- volume  temperature  (see  Fig.  1). 

The  indications  of  the  thermocouples  at  channel  outlet 
(see  Fig.  1)  confirmed  this  assumption.  As  the  tests  revealed, 
the  nonuniformity  of  temperature  at  channel  outlet  increased  with 
an  increase  in  the  thermal  load  and  eccentricity. 


lIn  this  case,  we  shall  disregard  the  change  in  heat  release 
connected  with  the  various  dc  resistances  due  to  the  various  wall 
temperatures  along  the  perimeter  of  the  channel. 
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Pig.  1.  Experimental  installation: 

1  -  Sleeves  for  thermocouples;  2  -  Mixing  cylinder;  3  -  Upper 
end;  4  -  Ring;  5  -  Paronite  lining;  6  -  Internal  pipe;  7  -  Water 
removal;  8  -  Thermocouples;  9  *  Compensation  heaters;  10  - 
Asbestos-cement  housing;  11  -  Metal  housing;  12  -  External  pipe; 
13  -  Water  intake;  14  -  Lower  end;  15  -  Support  ring. 


The  high  pressure  and  small  slot  width  made  it  impossible 
to  measure  the  water  temperature  along  the  perimeter  of  the 
channel  and  thus  determine  the  local  values  for  the  heat  transfer 
factors  in  the  eccentric  slot.  Because  of  this  only  the  values 
of  the  average  heat  transfer  factors  were  determined  as  a 
function  of  the  value  of  eccentricity  and  temperature  diagrams 
along  the  perimeter  were  obtained  with  various  eccentricities, 
thermal  loads,  and  mass  velocities  in  convective  heat-exchange 
modes  and  surface  boiling. 


The  heat  transfer  factor  a  was  determined  as  the  average 
in  the  segment  between  section  I-II  (see  Fig.  1)  located  l  *  23d 
from  input  and  l  a  20d_un  from  output: 

3KB 


(l) 


where 


a7.*7ct— f,; 


t"  —  t* 


(2) 


n  »  4  is  the  number  of  thermocouples  installed  in  a  given  section. 


The  average  water  temperature  t  was  determined  by  linear 

a 

extrapolation  of  the  thermocouple  readings  at  input  and  output  of 
the  working  channel.  For  illustration,  the  test  data  with  heating 
of  the  internal  pipes  are  presented  on  Fig.  2  in  coordinates 

rr-  ^ 

-/(Re)  for  e  *  0.4  and  0.78.  The  physical  constants  were 
selected  based  on  average  water  temperature. 


As  is  apparent  from  Fig.  2,  with  an  increase  in  eccentricity 
the  average  heat  transfer  factor,  determined  by  formula  (1), 
decreases. 


Quantitative  relationships  for  heat  transfer  to  the  internal 
pipe  in  an  eccentric  channel  can  be  expressed  by  formula 


Xu  -CRe'Pf 


(3) 
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where 


C  -0,0205 (4) 

for  values  of  e  *  0-0.9,  dg/d^  “  1,2»  thermal  flukes  up  to  10^ 
kcal/m^h  and  Reynolds  numbers  up  to  300,000. 


Pig.  2.  Function 

1,  2  -  When  e  *  0.4  and  0.78,  respectively. 

If  we  assume  that  heat  transfer  from  the  Internal  pipe  to 
the  flow  along  the  generatrix  of  the  channel,  determined  by  angle 
6  (Fig.  3)»  depends  only  on  the  velocity  in  the  gap  formed  by 
the  external  and  internal  pipes,  and  on  the  equivalent  diameter 
corresponding  to  this  gap,  and  if  we  also  assume  that  there  occur 
along  the  entire  perimeter  of  the  eccentric  channel  a  turbulent 
flow,  equality  between  the  resistances  of  the  eccentric  channel 
and  the  corresponding  concentric  channel,  full  alignment  of  the 
water  temperature  along  the  perimeter  of  the  channel,  then  we  can 
estimate  the  relationship  between  the  average  heat  transfer  along 
the  perimeter  of  the  eccentric  channel  and  the  corresponding 
concentric  channel  as  a  function  of  e. 

The  relationship  thus  calculated  can  be  compared  with 
formula  (5)  experimentally  obtained  in  reference  [4]: 
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Nu= 0,023  -  \J'li  Re^Pr0,4. 


For  an  eccentric  channel  along  the  generatrix  corresponding 
to  angle  3,  we  assume  that  dg  *  d1-26,  and  dgKQ  ■  26  (see  Fig.  3)1} 
then 


Assuming,  as  shown  above,  that 


*  _  A  I  A  I  W* 


from  (7)  we  find  the  expression  for  velocity  in  an  eccentric 
channel: 


where 


3  «  ~ (4“  +  eco*ty 


Fig.  3.  Calculation  diagram 
for  formula  (9). 


Solving  jointly  equations  (5),  (6),  (8),  (9)  and  integrating 
along  the  channel  perimeter,  we  can  obtain  the  relationship 


‘6  is  the  gap  between  the  internal  and  external  pipes, 
corresponding  to  angle  8. 
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between  the  heat  transfer,  averaged  along  the  perimeter,  of  the 
eccentric  channel  and  the  corresponding  concentric  channel.  It 
will  have  the  form: 


« 


(10) 


After  integrating1  expression  (10),  we  obtain  the  function 
a/a0  *  f(e).  This  function  is  illustrated  in  Pig.  4. 


Pig.  4.  Graph  of  function 
JS/aQ  »  f(e): 

1  -  Calculated  points;  2  - 
Experimental  points. 


The  character  of  the  variation  in  the  average  heat  tr&isfer 
factor  as  a  function  of  e,  evaluated  by  formula  (10)  and  de- 
temined  experimentally,  agree  qualitatively.  However,  a  quanti¬ 
tative  comparison  would  be  difficult  since,  in  reality,  there 
occurred  a  temperature  misalignment  for  the  water  along  the 
channel  perimeter,  and  in  the  narrow  part  of  the  slot  at  e  >  0.8 
a  transition  occurred  to  laminar  flow.  The  wall  was  heated  to  a 
temperature  at  which  surface  boiling  began,  which,  accordingly, 
disrupted  one  of  the  conditions  on  which  we  based  relationship 
(10).  Obviously,  this  explains  the  fact  that  the  experimental 
function  a/aQ  «  f(e)  differs  considerably  from  the  calculated 
function. 


‘Numerical  integration  of  equation  (10)  was  performed  on  the 
Ural- 2  computer. 
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In  addition  to  the  average  values  of  the  heat  transfer 
factor,  temperature  diagrams  were  obtained  along  the  circumference 
of  the  channel,  which  were  plotted  from  measurement  data  taken 
at  four  points  along  the  perimeter:  $  «  0,  90,  180,  and  270°. 

The  characteristic  graphs  of  temperature  distribution  along 
the  perimeter  of  the  internal  pipe  for  the  first  section  and  at 
various  values  of  e,  wQ,  and  q  are  presented  in  Fig.  5.  The 
cemperature  maximum  virtually  agrees  with  the  narrowest  section 
of  the  channel.  From  Fig.  5  it  is  apparent  that  with  the 
beginning  of  surface  boiling  in  a  channel  an  alignment  of  wall 
temperature  along  the  circumference  of  the  pipe  being  heated  also 
occurs. 


Fig.  5.  Distribution  of  wall 
temperatures  along  the 
perimeter  of  inner  pipe  in  the 
first  cross  section  when 

q  »  1*10^  kcal/m2*h,  e  »  0.78: 

1  -  Wq  ■  1  m/sj  tB  ■  203. 5°C; 

2  -  Wq  *  1  m/s,  tB  »  286. 3°C; 

3  -  w0  -  3.0  m/s,  t0  -  229. 5°C; 

4  -  e  ■  0.56,  wQ«l  m/s, 

t  ■  220°C. 

B 


To  remove  the  temperature  misalignment  of  the  metal  of  the 
eccentric  channel  it  would  be  necessary  to  work  in  the  surface 
boiling  mode,  i.e.,  other  things  being  equal,  we  would  have  to 
raise  the  temperature  of  the  heat-transfer  agent. 
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An  increase  in  velocity  reduces,  as  we  would  expect,  the 
absolute  nonuniformity  of  temperature  along  the  perimeter  of  the 
channel  being  heated.  This  is  caused,  first  of  all,  by  a  decrease 
in  the  thermal  head  at  a  prescribed  thermal  load  due  to  the 
numerically  greater  values  of  the  heat  transfer  factor,  as  well  * 

as  the  increase  in  overall  flow  turbulence,  and,  in  connection 
with  this,  the  more  intensive  displacement  of  the  flow  along  the 
perimeter  of  the  channel.  However,  the  last  assumption  is  not 
obvious  since  the  analysis  of  curves  1,  3  (see  Pig.  5)  shows  that 

(At  —  Mmi  Bl  g 

(7e,^7.)-.  —  ’ 

is  comparatively  equal  both  for  the  velocity  1  m/s  and  for  the 
velocity  3  m/s.  Consequently,  either  water  temperature  or  mis¬ 
alignment  along  the  perimeter  is  insignificant  or  the  increase  in 
temperature  misalignment  with  a  decrease  in  the  water  flow  rate 
is  compensated  by  higher  values  for  the  heat  transfer  factor  in 
the  narrow  section  because  of  an  increase  in  the  Re  numbers. 

A  decrease  in  eccentricity,  as  we  would  expect,  reduces  the 
temperature  misalignment  (see  Pig.  5,. curve  4).  At  e  ■  O.56  (*0 
~  i  4  whereas  this  same  quantity  at  e  «  0.78  is  1.8. 

(At  —  A)«i» 

All  the  above  relative  to  temperature  distribution  along  the 
perimeter  of  the  channel  is  also  valid  for  the  case  of  two-sided 
heating.  With  this,  temperature  misalignments  reach  higher  values. 

At  e  «  0.88,  qu  *  qDlJ  ■  1*10^  and  wn  ®  1  m/s  temperature  mis- 
alignment  reaches  100°C.  With  the  beginning  of  surface  boiling 
at  any  of  the  perimeter  points,  the  increase  in  wall  temperature 
with  a  rise  in  q  at  a  given  spot  was  retarded. 


* 
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PROBLEMS  OF  HEAT  EXCHANGE  DURING 
THE  COOLING  OF  CRYOGENIC  PIPING 


A.  A.  Gukhman,  L.  S.  Aksel'rod, 

V.  G.  Pron’ko,  A.  B.  Bulanov, 

D.  A.  Kazenin,  and  G.  M.  Leonova 

Designations 

l  -  length  of  piping; 
d  -  internal  diameter  of  piping; 

6  -  thickness  of  pipe  wall; 
z  -  coordinate  along  the  axis  of  the  pipe; 
t  -  time; 

t ||  -  pipe  cooling  time; 

J  -  mass  flow  rate; 

j  -  mass  velocity  of  the  gas  (vapor)  flow; 

£w  -  local  heat  flux  from  wall; 

q  -  heat  flux  from  wall,  averaged  along  the 
length; 

Q5  -  quantity  of  heat  given  off  by  piping  to 
d  the  flow; 

Qq  -  full  excess  heat  content  of  pipe; 

Tw  -  pipe  wall  temperature; 

T 

Wq  -  Initial  temperature  of  pipe  wall; 

T  -  temperature  of  liquid  in  feeder  vessel; 

HI 
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Tg  -  saturation  temperature; 

T*  -  temperature  of  maximum  overheating  . 
of  the  liquid; 

critical  temperature; 

gas  temperature  (overheated  vapor); 

temperature  of  flow  at  input; 

pressure  at  input; 

current  pressure; 

pressure  in  front  of  liquid  front; 

available  pressure  drop; 

density  of  liquid; 

density  of  saturated  vapor; 

gas  density  (overheated  vapor); 

density  of  pipe  wall  material; 

average  specific  heat  capacity  of 
pipe  wall  material; 

specific  heat  capacity  of  liquid; 

isobaric  heat  capacity  of  overheated 
vapor ; 

heat  of  vaporization; 
coefficient  of  hydraulic  resistance; 
heat  conductivity  of  walls; 
mass  of  piping; 
heat  transfer  factor; 
linear  velocity. 


Hp 

Tr  ' 

CBX  - 

Po  - 

P  - 

P*  ‘ 
Ap  - 

- 

ps 

pr  * 
£w 
cw  ' 


Cm  “ 
c_  - 


r  - 
£  - 

X  «* 
w 

M  - 
a  - 
w  - 


Abbreviations : 


KP 

n 

m 

BX 

BbiX 

BH 


critical 

flow 

liquid 

input 

output 

internal 
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I.  PROBLEMS  OP  HEAT  EXCHANGE  AND 
HYDRODYNAMICS  DURING  THE  COOLING 
OF  CRYOGENIC  PIPES 

The  process  of  heat  exchange  during  the  cooling  of  cryogenic 
pipes  includes  a  broad  group  of  phenomena.  This  is  explained, 
first  of  all,  by  the  fact  that  the  range  of  pipe  wall  temperature 
variations  is  considerable  -  from  the  temperature  of  the  ambient 
medium,  which  considerably  exceeds  the  critical  temperature  of 
the  cryogenic  fluid,  to  the  temperature  of  the  fluid  itself. 

When  a  cryogenic  fluid  is  fed  into  an  uncooled  pipe,  the 
temperature  differential  between  it  and  the  wall  is  so  great  that 
an  extremely  unique  thermal  situation  is  created.  Overheating 
in  the  zone  of  contact  between  the  liquid  and  the  wall  is  con¬ 
siderably  higher  than  the  gradient  of  metastable  state  stability. 
Therefore,  the  existence  of  liquid  phase  on  the  surface  of  the 
wall  becomes  physically  impossible  and  the  wall  of  the  pipe  is 
fully  blocked  by  a  vapor  ring.  Inside  this  ring  there  is  a  flow 
of  liquid  in  which  the  form  of  liquid  motion  can  be  varied.  The 
phenomenon  when  liquid  at  sufficiently  high  surface  temperature 
can  not  touch  the  surface  is  called  the  Leydenfrost  effect.  We 
call  these  specific  conditions  for  interaction  between  the  working 
mediur  :»nd  the  wall  the  Leydenfrost  regime. 

The  problem  of  determining  the  boundary  of  the  highest 
possible  liquid  overheating  v/as  examined  theoretically  by  Doring 
[1],  In  the  work  of  Spugler  et  al.  [2]  the  following  approximate 
formula  was  proposed  for  evaluating  the  temperature  of  maximum 
overheating  T#  at  pressures  far  from  critical:  T#  *  27/32THp. 

For  oxygen,  nitrogen,  and  hydrogen  this  evaluation  is  131,  107, 
and  28.2°K,  respectively.  After  the  pipe  wall  is  cooled  to 
temperatures  at  which  moistening  begins,  the  character  of  the 
process  changes.  Heat  transfer  is  forced  by  the  appearance  of 
nucleate  boiling.  As  wall  temperature  approaches  the  temperature 
of  the  liquid,  heat  flux  decreases,  tending  toward  the  value  of 
external  heat  leak. 
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The  specifics  of  local  heat  exchange  between  the  wall  and 
the  two-phase  flow  are  closely  connected  with  the  hydrodynamic 
structure  of  the  flow,  distinguished  by  extremely  varied  forms. 

The  boundaries  between  the  various  regimes  of  two-phase  flow 
are  not  clearly  defined,  all  the  more  so  for  cryogenic  fluids 
under  heat  exchange  conditions  with  a  solid  surface  at  variable 
temperature.  There  are  particular  empirical  methods  for  de¬ 
termining  the  regions  of  the  various  flow  forms,  from  which  we 
should  mention,  with  respect  to  cryogenic  liquids,  the  Baker 
diagram  [8]. 

Recently  a  number  of  works  have  been  published  in  which  the 
results  of  a  visual  study  on  the  structure  of  the  two-phase  flow 
of  cryogenic  liquids  have  been  discussed.  Thus,  Laverty  and 
Rosenow  [9]  in  tests  on  the  flow  of  nitrogen  in  a  heatable  trans¬ 
parent  pipe  observed,  at  low  vapor  contents,  an  annular  flow 
regime  with  a  liquid  core  and  a  vapor  boundary  layer  -  reversed 
annular  regime.  With  an  increase  in  the  vapor  content  a  disruption 
of  the  core  was  observed  and  a  transition  to  a  dispersed  structure 
with  a  supporting  vapor  phase.  The  American  scientists  Chi  and 
Vetere  [7,  14]  in  tests  on  the  cooling  of  copper  pipes  with  liquid 
hydrogen  observed,  through  a  transparent  section  installed  behind 
the  experimental  section,  a  shell  flow  regime  ($  *  0.6),  which  we 
shall  subsequently  call  a  liquid  shell  regime.  In  addition,  with 
the  aid  of  high-current  measurements  of  flow  temperature,  the 
presence  of  a  dispersed  liquid  phase  in  the  vapor  intervals 
between  liquid  shells  was  established  in  the  same  work.  An 
analysis  of  data  presented  in  the  above  work  indicates  that,  in 
the  range  of  flow  velocity  (encountered  in  problems  of  cooling 
cryogenic  pipes)  the  orientation  of  the  pipe  does  not  affect  the 
structure  of  the  flow  and  the  local  values  for  thermal  flux. 
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II.  DESCRIPTION  OP  EXPERIMENTAL 
EQUIPMENT  AND  RESEARCH  METHOD 

The  purpose  of  the  experimental  research  performed  at 
VNIIKirnash  [All-Union  Scientific  Research  Institute  of  Oxygen 
Machinery]  was  to  determine  the  most  common  regularities  which 
are  characteristic  for  the  cooling  period  of  cryogenic  pipes. 

Tests  to  determine  the  time  required  to  cool  pipes  with 
liquid  oxygen  and  nitrogen  were  performed  on  flow  test  stands 
with  pipes  having  an  internal  diameter  of  d  »  3. mm,  relative 
length  cf  1/ d  =  30-2800  and  wall  thickness  of  6  «*  0.25-35  nun,  made 
of  various  materials  (stainless  steel,  brass,  copper,  German 
silver) . 

The  principal  layout  of  the  stands  were  kept  the  same  in  all 
cases  (Pig.  1).  Liquid  oxygen  (or  nitrogen)  was  fed  from  vessel 
1  to  the  receiving  vessel  5  along  the  experimental  piping.  The 
design  of  vessel  1  made  it  possible  to  feed  liquid  (10-500  l )  out 
of  it  at  a  pressure  up  to  6  atm  (gauge).  The  liquid  flow  rate 
was  set  as  a  function  of  the  pressure  differential  in  vessels  1 
and  5  and  was  measured  with  a  diaphragm  located  in  the  section  of 
the  pipe  cooled  beforehand,  in  front  of  the  test  section  or  was 
measured  with  respect  to  the  increase  in  the  level  in  the  receiving 
vessel  (this  vessel  was  cooled  beforehand). 

The  underheating  of  the  liquid  to  the  saturation  state  was 
determined  by  excess  pressure  in  vessel  1. 

The  test  pipe  was  a  horizontal  pipe  which  was  insulated  or  * 

(in  many  cases)  not  insulated  against  external  heat  leak. 
Oopper-constantan  thermocouples  were  soldered  along  the  outside 
of  the  pipe.  In  addition,  there  was  a  thermocouple  for  measuring  • 

flow  temperature  at  the  end  of  the  pipe. 
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Pig.  1.  Experimental  installation: 

1  -  Vessel  for  feeding  liquid;  2  -  Experimental 
piping;  3  -  Gas  cylinder;  4  -  Reducing  gear; 

5  -  Receiving  vessel;  6  -  Gas  flow  rate  meter; 

7  -  Level  sensor;  8  -  Sample  manometer; 

9  -  MED  pressure  sensor;  10  -  DM  pressure  sensor; 

T  -  Thermocouple  in  flow;  T,-Tc  -  Thermocouples 
oR  pipe  wall.  1  5 

KEY:  (1)  Pill. 

In  several  experiments,  the  vapor-liquid  mixture  was  separated 
at  input  to  the  receiving  vessel;  the  amount  of  vapor  forming  in 
the  pipe  was  measured  by  a  gas  meter. 

The  stand  was  equipped  with  secondary  instruments  for  re¬ 
cording  temperature,  pressure,  liquid  level  in  vessels,  and  pressure 
drop  on  the  diaphragm. 

Wall  temperature  was  measured  with  copper-constantan  thermo¬ 
couples  with  an  electrode  diameter  of  0.1  mm  and  recorded  by  an 
electronic  potentiometer  EPP-09.  The  class  of  instrument  accuracy 
was  0.5,  but,  due  to  the  nonlinearity  of  the  temperature  curve  of 
the  thermoelectromotive  force,  absolute  measurement  error  was 
different  at  different  points  of  the  temperature  range.  In  the 
region  of  oxygen  temperatures  (90°K)  measurement  error  can  reach 
2°K.  The  EPP-09  has  a  certain  time  lag.  The  time  required  for 
the  carriage  to  pass  through  the  full  scale  is  2.5  s;  however, 
in  the  authors’  tests  on  cooling,  which  lasted,  as  a  rule,  several 
tens  of  seconds,  this  time  lag,  under  the  conditions  of  the 


beydenfrost  regime,  did  not  produce  any  noticeable  problem.  The 
time  lag  of  the  heat  sensor  was  considerably  less  than  the  time 
lag  of  the  instrument. 

Local  thermal  flows  to  the  cryogenic  liquids  were  evaluated 
according  to  formula  qw  =  -CWPW^  dTw/dT  based  on  the  graphic 
differentiation  of  the  temperature  curve  in  the  cooling  process. 
The  terms  of  the  series  containing  higher  derivatives  were  not 
applied  in  calculation  due  to  their  smallness  and  the  low  accuracy 
of  multiple  graphic  differentiation. 

In  the  accepted  methodology  for  determining  q  it  is  assumed 
that  during  feeding  into  a  warm  pipe,  cryogenic  liquid  obtains 
heat  only  from  the  cooling  of  the  wall.  Heat  leak  to  uninsulated 
pipes,  although  it  exceeded  the  values  in  reference  [11],  never¬ 
theless  was  one  order  less  than  the  heat  leak  to  the  liquid  from 

2 

wall  cooling;  in  the  regime  studied  q  =  1.5  kW/m  .  Such  a 
correction  can  have  no  substantial  effect  on  the  value  of  t#. 

III.  BASIC  RESULT  OF  EXPERIMENTS 

The  results  of  these  experiments  showed  that  the  relative 
length  of  the  pipe  had  a  considerable  effect  on  the  relationship 
between  the  time  required  for  full  cooling  and  the  time  required 
for  liquid  to  appear  at  the  end  of  the  pipe.  Based  on  this 
relationship  wo  can  subdivide  the  pipes  into  long,  medium  and 
short . 

Pipes  in  which  the  liquid  reaches  the  output  section  in  the 
"initial  surge"  stage  are  called  "short";  "long"  pipes  are  those 
in  which  the  full  length  of  the  pipe  is  considerably  greater  than 
i  ,,o  length  of  the  "initial  surge."  The  amount  of  heat  transmitted 
te.  the  flow  throughout:  the  entire  length  of  the  pipe  can  be 
expressed  as: 

Qi  (1) 
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The  amount  of  heat  necessary  for  full  evaporation  of  the 
liquid  is 

QJ=s.,J.(y(f<kAr.+r)rf*.  (2) 

b 

If  the  amount  of  heat  entering  the  liquid  flow  from  the  walls 
is  considerably  greater  than  that  necessary  for  its  full  evapor¬ 
ation,  part  of  the  pipe  is  filled  with  vapor.  As  the  pipe  cools 
the  vapor  flow  changes  into  two-phase  with  an  increasing  content 
of  liquid  phase. 


When  <<  Q2,  two-phase  flow  appears  at  the  end  of  the  pipe 
at  the  initial  moment.  For  an  evaluation  of  the  length  of  such 
pipes  we  can  assume  that  the  average  heat  flux  along  the  length 
of  the  pipe  does  not  vary  during  cooling  (this  is  confirmed  by 
the  results  of  the  experiments),  the  forming  vapor  is  not  over¬ 
heated,  and  the  mass  velocity  of  the  flow  remains  constant.  Then 
condition  Q-^  <<  Q2  can  be  written  in  the  form: 


l  „  j(r  ~  cA\Tm) 

*  *  W* — 


(3) 


Pipes  which  satisfy  requirement  (3)  in  the  cooling  period 
will  be  called  "short."  Pipes  in  which  the  cooling  process  has 
generally  ceased  by  the  time  the  vapor-liquid  mixture  reaches  the 
end  will  be  called  "long";  pipes  corresponding  to  the  condition 
Ql  »  Q2  will  be  called  "medium."  Such  a  classification  does  not 
claim  to  be  strict  but  emphasizes,  more  or  less,  the  qualitative 
differences  which  occur  during  the  cooling  of  pipes  of  different 
types.  We  should  stress  that  the  relative  length  of  the  pipes 
1/ d  in  itself  is  not  critical  for  its  classification  in  a  certain 
category,  since  the  determining  factors  are  not  only  structural 
but  also  the  parameters  of  the  regime. 

For  an  approximate  evaluation  of  the  operational  character¬ 
istics  of  a  pipe  (short,  medium,  or  long)  we  can  use  inequality  (3). 
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The  relationship  between  the  cooling  time  and  the  time 
required  for  liquid  to  appear,  as  a  function  of  pipe  length,  is 
shown  in  Fig.  2. 


Fig.  2.  Time  required  for 
liquid  to  appear  at  the  end 
of  the  line  and  cooling  time 
versus  pipe  length  (pipe  St. 
lKhl8N9T,  0  22  x  1  mm, 

Pax  *  11  atrc  <abs->,  P8UX  -  1 
atm  (abs.)): 

1  -  Time  of  full  pipe  cooling; 

2  -  Time  of  liquid  appearance 
at  end  of  pipe. 


Figure  3  shows  typical  graphs  of  wall  temperature  variations 
during  cooling  by  liquid  oxygen;  pipe  parameters  are  given,  as 
well  as  data  characterizing  the  two-phase  flow.  Temperature  T# 
corresponds  to  the  sharp  change  in  cooling  rate,  clearly  notice¬ 
able  on  most  of  the  temperature  curves.  The  high  Intensity  of 
heat  exchange  after  the  wall  reaches  the  indicated  temperature 
values  attests  to  the  fact  that  the  pipe  is  cooled  in  this  section 
by  a  transition  to  nucleate  boiling.  To  a  considerable  extent, 
the  time  required  for  full  pipe  cooling  is  determined  by  the 
cooling  period  to  temperature  T  *  r„ ,  which ,  in  most  cases,  is 
approximately  80— 90/?-  of  the  overall  cooling  time.  Because  of  this, 
a  knowledge  of  the  value  of  specific  heat  flux  in  the  first  stage 
of  cooling  is  of  considerable  significance  in  determining  cooling 
rime,  «is  an  example,  Figure  4  shows  the  variation  during  cooling 
of  the  value  of  specif!"  heat  flux  in  various  sections  of  the 
pipe. 
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Pig.  3.  Typical  wall  temperature  variation 
during  the  cooling  of  a  "medium”  pipe  by  liquid 
oxygen  (copper  pipe,  0  45  *  1.5  mm,  !  *  <0  m, 

1/ d  =  950,  pDw  ■  3  atm  (abs.),  pDlJV  ■  1  atm  (abs.)): 

1  -  In  section  z /l  «  Oj  2  -  In  section  z/l  *  0.05; 

3  -  In  section  z/l  -  0.2;  4  -  In  section  z/l  » 

0.35;  5  -  z/l  ■  0.5;  6  -  In  section  z/l  ■  0.75; 

7  -  In  section  z/l  ■  1. 


Local  specific  heat  flux  changes  very  little  during  the  first 
cooling  period;  its  maximum  value  does  not  exceed  the  minimum 
value  more  than  by  a  factor  of  2-2.5  in  spite  of  the  fact  that  the 
structure  of  the  flow  in  medium  and  long  pipes  changes  from  a 
single-phase  flow  of  superheated  or  saturated  vapor  to  a  reverse 
annular  liquid-shell  flow  with  low  vapor  content. 


Pig.  4.  Local  thermal  fluxes 
versus  time  during  cooling 
by  liquid  nitrogen  (German 
silver  pipe,  0  3.9  x  0.25  mm, 
l  A i  -  1230,  pnv  -  1.24  atm 

(abs.),  pntJW  *1.03  atm  (abs.)): 

1  -  In  section  z/d  ■  454; 

2  -  In  section  z/d  »  837. 
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In  the  main  part  of  the  pipe  the  local  specific  heat  removal 
changes  both  along  the  length  and  over  time  within  such  limits 
that  its  average  value  along  the  length  of  the  pipe  can  be  con¬ 
sidered  a  constant  value  during  most  of  the  cooling  time. 

IV.  GENERALIZATION  OP  EXPERIMENTAL 
DATA 


Research  performed  at  VNIIKimash  has  shown  that  in  a  number 
of  cases  the  process  of  cooling  a  pipe  with  gas  can  be  examined 
as  the  cooling  of  a  concentrated  mass  with  infinitely  great  heat 
conductivity.  In  this  case,  the  process  is  described  by  the 
following  equation: 

(4) 

7  *0  — 


t 


> 


i 

\ 


where 


The  heat  transfer  factor  was  determined  based  on  the 
familiar  equation: 

Nu  =  0,023  Re0,,Pf°’\  (5) 

[First  line  of  paragraph  omitted  in  original  Russian 
document]  for  average  temperature  and  pressure  values  along  the 
pipe.  The  results  of  the  research  also  show  that  at  high  values 
of  q/j ,  i.e.,  with  considerable  vapor  content  (♦  >  0.9) »  the 
Intensity  of  heat  removal,  just  as  the  time  for  tooling  by  a 
two-phase  flow,  can  be  determined  based  on  the  above  relationship. 
The  macs  velocity  of  vapor  phase,  measured  in  experiments  by  a 
test  method,  is  usually  unknown  in  the  actual  practice  of  using 
cryogenic  pipes.  Because  of  this,  in  order  to  determine  the 
int-  nsit.y  of  heat  transfer,  it  is  necessary  to  gather  data  on  the 
transmission  capacity  of  the  pipes. 


70 


In  the  gas  escape  stage  it  is  characteristic  to  have  three 
sections  of  pipe  the  relationship  between  which  can  change  as  the 
pipe  fills.  In  the  first  section  the  liquid  contacts  the  cooled 
wall;  heat  exchange  occurs  in  the  second  and  third  sections, 
filled  accordingly  with  a  two-phase  mixture  and  vapor.  For  "long" 
pipes  the  effect  of  the  second  section  on  the  cooling  rate  can 
be  considered  insignificant  in  comparison  with  the  effect  of  the 
third  section.  This  is  explained  by  the  high  vapor  content,  as 
well  as  the  insignificant  extent  of  this  section  when  compared 
with  the  length  of  the  pipe.  To  verify  the  admissibility  of  this 
assumption  it  is  sufficient  to  compare  the  time  of  "gas  outflow" 
and  the  time  of  "two-phase  outflow."  The  latter  can  be  evaluated 
based  on  the  time  of  the  initial  increase  of  the  liquid  level  in 
the  receiving  vessel  and  the  cooling  time  of  the  pipe  wall.  As 
has  already  been  noted,  this  time  is  relatively  short  for  long 
pipes. 

On  the  basis  of  the  above,  the  following  outline  of  the 
problem  is  possible.  Excess  thermal  life  for  a  pipe  is  acquired 
in  the  section  filled  with  single-phase  flow.  The  pipe  in  this 
section  is  considered  a  concentrated  mass  with  infinitely  high 
heat  conductivity. 


Allowance  for  the  fact  that  j  s  Jr,  *  p0  and  GrAl  **  const 
makes  it  possible  to  propose  the  following  equation  for  calculating 
the  cooling  time  of  long  pipes: 


'  =  V  2  37 


(6) 


The  results  of  calculations  based  on  equation  (6)  agree  v/ell 
with  test  data. 


For  average  pipes  such  an  outline  of  the  problem  is  impossible 
because  of  the  considerable  effect  of  the  section  with  two-phase 
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flow  on  heat  transfer  from  the  pipe  wall.  In  the  general  case, 
for  average  pipes  it  is  necessary  to  take  into  account  the  vapor 
content  of  the  flow  since  this  parameter  determines  the  trans¬ 
mission  capacity  of  the  pipe  and  the  intensity  of  the  heat  ex¬ 
change  . 

For  work  with  "short"  pipes  the  instantaneous  appearance  of 
liquid  in  the  output  section  is  characteristic.  Nevertheless, 
the  problem  of  cooling  such  pipes  is  not  a  superfluous  consideration. 
The  physical  picture  of  the  process  can  be  represented  in  the 
following  manner.  In  the  center  of  the  pipe  a  liquid  core  is 
moving  with  unique  distribution  of  velocity  and  temperature.  The 
core  is  separated  from  the  walls  by  a  layer  of  vapor  thickening 
along  the  path  of  movement.  The  increase  in  thickness  of  the 
vapor  layer  is  balanced  by  the  heat  flux  from  the  walls. 

Corresponding  to  this  growth  there  occurs  a  decrease  in  the  cross 
section  of  the  liquid  core  and,  consequently,  an  increase  in  its 
velocity.  Taking  into  account  losses  from  friction  in  the  vapor 
layer,  the  acceleration  of  the  liquid  core  is  limited  by  the 
available  pressure  drop.  Such  a  diagram  is  suitable  with  wall 
temperatures  up  to  the  value  at  which  the  wall  can  be  moistened 
by  the  liquid.  We  should  note  that  the  motion  of  the  vapor  in 
the  boundary  layer  is  due  not  only  to  entrainment  by  the  liquid 
core  but  also  by  the  presence  in  the  pipe  of  a  pressure  gradient 
caused  by  core  acceleration. 

Taking  into  account  all  the  above,  we  can  obtain  the 
following  expression  which  allows  us  to  evaluate  the  cooling  time 
of  a  short  pipe  based  on  the  known  design  and  physical  parameters, 
as  well  as  the  available  pressure  drop: 

«> 
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The  values  of  the  physical  parameters  are  taken  at  average 

temperature  T  =  T  +  T  /2  and  average  pressure  p  =  pn  -  Ap/2. 

wQ  s  u 

A  check  Indicates  that  these  evaluations  correspond  to  the  ex¬ 
perimental  data  of  the  authors  with  accuracy  up  to  ±25)5  • 

Conclusions 

The  cooling  of  cryogenic  pipes  by  liquid  oxygen  and  nitrogen 
has  been  studied. 

On  the  basis  of  the  experimental  data  obtained,  which  agree 
well  with  the  results  of  other  studies  on  hydrogen,  the  following 
is  indicated. 

1)  Cooling  in  a  worsening  heat  exchange  regime,  when  the  pipe 
wall  does  not  directly  contact  the  liquid,  covers  a  large  part  of 
the  full  range  of  pipe  wall  temperature  variation. 

2)  Pipes  can  be  subdivided  into  long,  medium,  and  short, 
based  on  the  relationship  between  the  time  required  for  full 
cooling  of  the  pipe  and  the  time  in  which  liquid  transport  begins. 

As  a  result  of  the  study,  we  have  more  precisely  defined  the 
pnysical  models  of  the  pipe  cooling  process  proposed  earlier  and 
have  formulated  equations  (6)  and  (7)  which  can  be  used  for 
calculating  the  intensity  of  heat  exchange  and  the  cooling  time 
for  long  and  short  pipes,  respectively,  as  well  as  equation  (4) 
which,  with  the  use  of  evaluation  of  vapor  phase  mass  velocity, 
can  be  applied  for  calculating  medium  pipes. 
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CHARACTERISTICS  OF  HEAT  EXCHANGE 
IN  THICK-WALLED  HORIZONTAL  PIPES 
AND  ANNULAR  CHANNELS  WITH 
LAMINAR  FLOW  OF  A  VAPOR-WATER 
MIXTURE 


L.  B.  Katsenelenbogen  and 
Ya.  N.  Rudnitskiiy 


Designations 


R1  =  O.Sdj. 
Rg  ■  0.5d2 
Rl  <  R  <  R2; 

6  *  R2  ~  R1 
r 

L,  l 
P 
Q 


^Hap 


a 


a 

3  H  B 

°30 


internal  radius  of  pipe; 
external  radius  of  pipe; 

pipe  wall  thickness  ; 
radius  of  insert; 
length; 
area; 

heat  removal; 

thermal  flux  on  outer  surface  of  pipe; 
thermal  flux  on  inner  surface  of  pipe; 

thermal  flux  by  spreading  along  wall  of 
pipes ; 

heat  transfer  factor; 

heat  transfer  factor,  equivalent  to 
spread; 

total  heat  transfer  factor  in  laminar 
zone; 
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A 

t 


t 


cp 


t 

Hac 

t 

BBpX 


t 


HM3 


At 


‘-‘cp 

4tcr 

At 


e  - 


kp  ~ 

20„  - 


°  <  0  <  8qJ 

2ft 


fc-<- !»••?£•! 


s 


n 

w 

0 

4> 

K 

i 

Hp 


coefficient  of  heat  conductivity; 
temperature; 

average  wall  temperature  of  pipe 
outside  laminar  zone; 

temperature  on  saturation  line; 

temperature  of  upper  generatrix 
of  outer  surface  of  pipes; 

temperature  of  lower  generatrix 
of  outer  surface  of  pipes; 

overheating  of  upper  generatrix; 

temperature  drop  in  pipe  wall; 

temperature  head  corresponding  to 
heat  transfer  factor; 

dimensionless  overheating  of  upper 
generatrix  of  pipes; 

indicator  of  thermal  spread; 

central  angle  in  pipe  corresponding 
to  phase  interface; 


central  angle  in  annular  channel 
corresponding  to  phase  interface; 


summation  index,  n  ■  0,  1,  2...; 

circulation  velocity; 

flow-rate  vapor  content  per  unit  volume; 

true  vapor  content  per  unit  volume; 

area  of  vapor  segment  in  ring; 

area  of  vapor  segment  in  circle. 


In  evaporative  cooling  devices  for  continuous  heating 
furnaces  of  rolling  mills  the  main  cooling  elements  are  thick- 
walled  horizontal  pipes  which  form  a  support  bridge  along  which 
the  metal  billets  move  during  their  heating  in  the  furnace  [1]. 
To  insure  the  reliable  performance  of  this  support,  pipe  wall 


P 


0 
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temperature  must  not  exceed  the  temperature  dictated  by  strength 
considerations . 

Since  the  temperature  drop  in  the  wall  of  hearth  pipes  is 
50-100°C,  the  use  of  the  existing  calculation  function  [2]  for 
determining  the  overheating  of  the  upper  generatrix  of  the  pipe 
during  lamination  is  not  admissible  since  it  is  valid  for  the  case 
of  a  small  drop  in  the  pipe  wall.  In  addition,  while  determining 
the  overheating  of  the  upper  generatrix  on  the  internal  surface 
of  the  pipe,  it  does  not  permit  the  calculation  of  the  external 
temperature  in  the  overheating  zone.  (As  shown  below,  the  tempera¬ 
ture  drop  in  the  pipe  wall  in  the  laminar  zone  can  not  be  calcu¬ 
lated  according  to  the  usual  formulas  for  heat  transfer  through 
a  cylindrical  wall  [ 3 3 ) • 

In  order  to  apply  the  method  developed  by  M.  A.  Styrikovich 
and  Z.  L.  Miropol'skiy  for  calculating  the  overheating  of  pipes 
in  a  laminar  zone,  for  pipes  with  any  wall  thickness,  Neuman's 
problem  for  an  annular  sector  [4]  is  examined.  By  annular  sector 
we  mean  that  part  of  the  ring  bounded  by  the  two  radii  (Pig.  1). 
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V"'  ■$'*» 


a  /<  HV 

(0*  -W. 
^ . . 
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Pig.  1.  Diagram  of  heat 
removal  in  a  horizontal  pipe 
with  laminar  motion  of  a 
vapor-water  mixture: 
abed  -  annular  sector  in 
laminar  zone;  1  -  external 
heat  flux;  2  -  heat  removal 
by  spreading  along  wall 

q<p>);  3  -  heat  removal  to 
vapor. 

KEY:  (1)  Vapor;  (2)  Water. 
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On  the  external  surface  of  the  pipe  the  thermal  flux  qu  =  is 

Hap 

constant;  on  the  internal  surface  of  the  pipe  in  the  laminar  zone 
the  coefficient  of  heat  transfer  to  vapor  a  is  constant;  the 
vapor-water  phase  interface  is  assumed  to  be  two-dimensional,  and 
on  the  sides  of  the  annular  sector  there  is  a  constant  temperature 
whose  value  is  assumed  equal  to  an  average  over  the  thickness  of 
the  pipe  wall  t  .  Vapor  temperature  is  taken  as  the  saturation 
temperature  with  pressure  in  the  pipe.  For  the  beginning  of 
reading  we  take  the  value  for  temperature  t  averaged  over  the 
thickness  of  the  wall  outside  the  laminar  zone.  In  polar  co¬ 
ordinates  the  equation  for  heat  conductivity  ha3  the  form: 


/?* 


dU 

7SF 


(1) 


9 


Boundary  conditions: 

^l*-=«b==s®* 


(2) 

(3) 

(4) 


The  general  solution  to  the  given  problem  has  the  form: 


After  a  series  of  transformations  it  can  be  represented  in 
the  following  form: 


P 
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Formula  (6)  is  the  general  solution  to  the  equation  of  heat 

conductivity  (1)  under  the  given  boundary  conditions  (2)  -  (h) 

and  makes  it  possible  to  determine  the  temperature  of  any  point  of 

the  pipe  in  the  overheating  zone.  Since  we  have  taken  the  value 

of  temperature  t  for  the  beginning  of  reading,  it  actually 
^  P 

determines  the  value  of  overheating  relative  to  this  quantity. 

In  the  particular  case  a  *  0  is  valid,  as  shown  below,  for  thick- 
walled  pipes  in  the  region  of  low  vapor  contents  and  low  pressures 
to  20  atm  (abs.);  formula  (6)  is  considerably  simplified  and 
assumes  the  form: 


(7) 


* 


In  the  presence  of  lamination  the  temperature  drop  in  the 
pipe  wall  by  the  upper  generatrix  is  defined  as  the  difference  in 
the  values  of  overheating  for  the  external  (R  *  Rg)  and  internal 
(R  *  R^  surfaces  of  the  pipe  and  is  equal  to 


When  a  =  0  for  a  vertical  section  (0  ■  0) 

.  /2n  -i- 1  Rt\  . 
(  -II1  fh\  20, ,  *  Rj  )~ 


- 


/,r.» 


/i 


A'in  *•  l> 

1  • 

\  A,  Rj 

(9) 
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As  an  example,  let  us  determine  the  temperature  drop  in  the 

p 

wall  of  a  steel  pipe  d  *  240  *  30  mm  when  qu=  =  116.3  kW/m  , 

p  Hap 

4>  =  0.05,  a  -  58.15  W/m  *deg  and  compare  it  with  the  quantity 
determined  from  the  formula: 

(10) 

Temperature  drop  according  to  formula  (6)  is  36°C  and  according 
to  (10)  is  86°C. 

Heat  removal  in  the  section  of  horizontal  pipe  washed  by 
vapor  phase  is  accomplished  by  heat  transfer  to  vapor  and  the 
spreading  of  the  heat  along  the  body  of  the  pipe.  The  relation¬ 
ship  between  the  quantity  of  heat  removed  by  spreading  and  by 
heat  transfer  to  vapor  depends  upon  the  part  of  the  perimeter 
washed  by  vapor,  wall  thickness,  and  the  heat  transfer  factor. 

To  obtain  a  quantitative  evaluation  of  this  relation  we  shall 
determine  the  temperature  heads  corresponding  to  the  two  limiting 
cases:  heat  removal  only  by  spreading  and  heat  transfer  only  to 
vapor. 

In  determining  the  temperature  head  due  to  heat  removal  by 
spreading,  it  is  necessary  to  take  into  account  the  variable 
value  of  thermal  flux  along  the  length  of  the  annular  sector  (see 
Fig.  1).  Since  the  increase  in  thermal  load  along  the  perimeter 
is  uniform,  the  average  value  of  thermal  flux  by  spreading 
*  °’^qmax*  ^max  *s  determined  by  the  total  thermal 

load  Q: 


Q 153  <?H.p  RAk 

j(,.)  .  .y  -  _ a  5 

Vrn.>  -  t  ~(R.~  h \)L  ' 


(11) 

(12) 


The  temperature  head  with  heat  removal  by  spreading  along  an 
annular  sector,  in  length  l  =  0.59q  (ri  +  R2^*  *s 

<13> 
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We  shall  substitute  the  value  of  q^  and  l  in  formula  (13) 

Mcp 


^Hjp  R;  (R i  —  R*)  6J 

4T(i^rr^}  ■ 


(14) 


The  temperature  head  corresponding  to  heat  transfer  only  to 
vapor  (with  error  not  exceeding  555  when  p  <  20  atm  (abs.)  and  10% 
when  p  <  40  atm  (abs.))  is  equal  to 


w  —  9*"  —  Bl  9w,p 


(15) 


We  have  disregarded  here  the  temperature  drop  in  the  pipe  wall 
since  it  (AtcT)  is  less  than  Ata  by  a  factor  of  10-20. 


The  relationship  between  heat  removal  by  spreading  along  the 
pipe  wall  and  heat  transfer  to  vapor  depends  upon  the  values  of 
the  temperature  heads  determined  from  formula  (14)  and  (15)  and 
is  uniquely  determined  by  their  ratio,  which,  therefore,  qan  be 
considered  the  spread  indicator: 


*  -  _ — 


(16) 


The  quantity  L  in  formula  (16)  represents  the  heat 

f<i  («j  +  Kt)  V 

transfer  factor,  equivalent  to  the  heat  removal  by  spreading  along 
the  pipe  wall,  related  to  its  internal  surface  washed  by  vapor: 


4X  [Rt-Rt) 


(17) 


Accounting  for  (17),  the  expression  for  the  spread  indicator 
assumes  the  form: 

=  (18) 

High  values  for  the  spread  indicator  kp  >>  1,  Ata  >>  Atp  correspond 
to  the  predominant  heat  removal  by  spreading  since  the  temperature 
drop  along  the  wall  is  much  less  than  with  heat  transfer  to  vapor, 
and  the  heat  distribution  is  inversely  proportional  to  the  values 


8l 


» '  y>yi  '  *  -iftf  «.*' 


_  f 


of  the  temperature  heads  (similar  to  the  distribution  of  electrical 
current  between  two  parallel  conductors  with  varying  resistances). 

Low  values  for  the  spread  indicator  k  <<  1,  At  <<  At 

p  *  a  p 

correspond  to  the  predominant  removal  by  heat  transfer  to  vapor.  * 

Values  of  the  spread  indicator  for  various  values  of  vapor  content, 
pressure,  and  the  wall  thickness  for  a  pipe  with  an  internal 
diameter  of  80  mm  are  presented  in  Pig.  2.  * 


Pig..  2.  Heat  spread  indicator  versus  vapor  content 
in  pipe  d  ®  80  mm  for  various  values  of  pressure 

0  H 

and  wall  thickness. 

Designation:  ata,  ama  ■  atm  (abs.). 


A  simplified  function  is  obtained  for  an  approximate 
evaluation  of  the  overheating  of  the  upper  generatrix  during 
lamination,  based  on  analysis  of  the  conditions  for  heat  removal 
from  the  section  of  the  pipe  washed  by  vapor. 


0 


As  shown  above,  heat  removal  by  spreading  along  a  pipe  wall 
is  characterized  by  a  conditional  heat  transfer  factor  a  , 

3KB 

while  heat  removal  to  vapor  is  characterized  by  the  value  of  a. 
Since  the  values  of  a  and  a  are  related  to  the  inner  surface 

3KB 
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of  the  pipe  in  the  zone  washed  by  the  vapor,  the  fractions  of 
internal  heat  flux  and  corresponding  to  them  are  related 

5  H  B  H 

by  simple  relationships 


a 

*»*• 


(19) 

(20) 


hence,  with  allowance  for  (18), 


„»>  A’. 

“i  -  ap  #,-> *  v 

and  overheating  of  the  upper  generatrix 


(21) 


At  = 


_ 

~7?,  (l  -  *p)«  * 


(22) 


The  quantity  a(l  +  k  )  in  formula  (22),  equal  to  a  +  a, 

P  3KB 

is  the  total  heat  transfer  factor,  called  the  effective  heat 
transfer  factor  in  the  laminar  zone: 

*»$  =  swJ-»*  (23) 

* 

Thus,  heat  removal  in  the  laminar  zone  is  determined  not  by 
the  heat  transfer  to  vapor,  but  by  the  value  of  the  effective 
heat  transfer  factor,  taking  into  account  total  heat  removal  to 
vapor  and  spreading  along  the  wall  of  the  pipe. 

To  evaluate  the  accuracy  of  the  calculation  of  overheating 
based  on  this  method,  we  shall  compare  the  result  given  with  the 
value  of  overheating  from  formula  (6)>  for  example,  of  a  pipe 
d  =  76  x  io  mm  when  qu=„  *  58.15  kW/m2,  ({>  *  0.5,  a  *  58.15  W/m2*deg. 

Hap 

From  formula  (lb)  we  shall  determine  the  spread  indicator 

V 

••  -  A ->6.5.0,01-4  - 

1  G,t W •  O.ixkj 5^7l 5  38  '• 
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overheating  of  the  upper  generatrix,  according  to  (22): 


7>5_  58 1 50 

56  ‘  5 • 5^,1 5 


169°C. 


From  formula  (6)  we  find  At  =  179cC.  Thus,  for  an  approximate 
evaluation  of  overheating  formula  (22)  is  completely  suitable. 


The  effect  of  the  annular  channel  on  the  condition  of  heat 
exchange  with  laminar  regime  in  the  region  of  low  vapor  contents 
has  been  examined.  At  equal  values  for  true  vapor  content  in  the 
pipe  and  in  the  annular  channel,  when  the  phase  interface  goes 
above  the  insert  (Fig.  3a),  the  height  of  the  vapor  segment  in 
the  annular  channel  is  less  than  in  the  circular  pipe.  This  is 
a  property  of  the  shape  of  the  annular  channel,  which  has  a  form 
of  relationship  between  the  vapor  segment  height  and  its  relative 
area  (Fig.  3b)  which  is  different  from  that  of  the  circular  pipe. 
Actually,  from  the  inequality  of  <J>  in  the  circular  pipe  and  the 
annular  channel  it  follows  that: 


*  _£l. 


(24) 

(25) 


In  calculating  the  overheating  of  the  upper  generatrix  of 
the  pipe  it  is  convenient  to  introduce  not  the  height  of  the 
vapor  segment  but  its  degree  or  radian  measurement.  The  relation¬ 
ship  between  these  quantitites  in  the  circle  and  the  ring  ensues 
directly  from  (2*1): 


2  —  s!n2cos2r^l  ~ 

-  —  sin  6  cos  6); 

.  2  <  arc  cos  - . 


(26) 
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Pig.  3.  The  relationship 
between  the  height  and  the 
relative  area  of  the  vapor 
segment  in  the  circle  and  the 
annular  channel: 

1  -  In  the  circle  (r  ■  0); 

2  -  In  the  annular  channel. 
KEY:  (1)  Segment. 


On  the  basis  of  (22)  overheating  of  the  upper  generatrix  is 
examined  for  the  pipe  and  the  annular  channel,  which  are 
represented  for  equal  values  in  the  form  of  their  ratio  at 
different  values  of  the  heat-to-vapor  transfer  factor  (Pig.  4). 

The  data  presented  show  that  at  low  values  for  true  vapor 
content  in  the  annular  channel,  overheating  of  the  upper 
generatrix  is  less  by  a  factor  of  1.6-1. 8  than  it  is  in  the 
circular  pipe.  Since  with  low  vapor  contents  the  average  vapor 
velocity  is  near  the  average  water  velocity  [5]  both  in  the  pipe 
and  in  the  annular  channel,  we  can  conclude  that  the  lowest 
value  for  upper  generatrix  overheating  corresponds  to  equal 
circulation  parameters  in  the  annular  channel. 

With  evaporative  cooling  of  hearth  pipes,  because  of  the 
underheating  of  water  entering  the  parts  to  be  cooled,  there  are 
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sections  of  pipes  cooled  by  'water  which  is  not  heatea  to  sat¬ 
uration  temperature,  in  the  presence  of  surface  boiling. 

In  a  horizontal  pipe,  due  to  the  effect  of  forces  of  gravity 
with  surface  boiling  at  the  upper  generatrix,  vapor  bubbles  can 
gather  and  combine  and  the  flow  of  water  can  be  forced  back  to 
the  lower  generatrix,  i.e.,  lamination  can  occur  which  leads  to 
a  worsening  of  heat  exchange  in  the  upper  part  of  the  pipe  and 
its  overheating. 


Pig.  4.  The  relationship  between  over¬ 
heating  of  the  upper  generatrix  of  a 
circular  pipe  and  an  annular  channel  at 
various  values  for  true  vapor  content 
and  coefficient  of  heat  transfer  to 

vapor  i  j-  j/  . 


2 

Research  performed  with  thermal  loads  of  50-200  kW/m  in  t tie 
region  of  low  pressures  (p  <  bar)  and  low  underheating  (to 
15°C)  at  velocities  of  0.5-1. 6  m/s  for  pipes  with  a  diameter  of 
76  x  io  mm  and  lM  *  17  mm  [6]  has  established  that  in  the  zone 
of  surface  boiling,  due  to  lamination,  overheating  of  the  upper 
generatrix  occurs.  The  value  of  overheating  substantially  depenus 


on  circulation  velocity  (increases  as  it  decreases)  and  on  heat 
flux.  There  is  virtually  no  effect  from  underheating  and 
pressure  in  this  range  of  their  variation  on  the  value  of  over¬ 
heating. 


A  similar  worsening  of  heat  exchange  during  surface  boiling 
due  to  lamination  was  observed  by  Z.  L.  Miropol’skiy .  Lamination 
occurred  on  the  bends  of  pipes  due  to  the  centrifugal  effect. 


For  the  practical  use  of  available  test  data  in  the  entire 
range  of  possible  pipe  diameter  and  wall  thickness  variations, 
the  data  were  processed  on  the  basis  of  the  obtained  relationship 
(7)  for  overheating  during  laminar  motion  of  a  vapor-water 
mixture  in  a  horizontal  pipe.  The  essence  of  this  processing  is 
as  follows.  On  the  basis  of  test  data  on  the  overheating  of  the 
upper  generatrix,  based  on  (7)  those  values  of  vapor  content  were 
determined  which  correspond  to  those  values  of  overheating  with 
the  locally  available  values  of  heat  fluxes.  Such  processing 
made  it  possible  to  establish  for  each  of  the  pipes  the  dependence 
of  vapor  content  on  circulation  velocity  and  thermal  loading, 
referred  to  the  internal  surface  of  the  pipe,  and  to  represent 
them  in  the  form: 


1 7,52  •  KT'Yw  . 


(27) 


With  the  prescribed  values  for  circulation  velocity,  heat 
flux,  and  pipe  diameter,  taking  into  account  relationship  (10) 
for  At  _  and 

CT 

-r^  J--(290  -sin 2#,)  (28) 

overheating  of  the  upper  generatrix  can  be  represented  in  the  form: 

^*ffx  ^hhj  ^  {Cp  0,5)1/^  (29) 
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In  (29)  the  quantity  c  : 


J^Unr  iy 

n-O- 


V  2^ 


(30) 


is  the  dimensionless  (related  to  AtcT)  overheating  of  the  upper 
generatrix  relative  to  t 

cp 


One  of  the  main  operational  reliability  criteria  for  evap¬ 
orative  cooling  installations  of  heating  furnaces  is  the  circu¬ 
lation  velocity.  From  the  point  of  view  of  ensuring  a  given 
temperature  regime,  permissible  circulation  velocity  depends  upon 
a  number  of  factors  including  pipe  diameter  and  wall  thickness. 


Based  on  relationships  (27)  and  (29),  it  was  possible  to 
determine  the  value  of  permissible  circulation  velocity  for  pipes 
with  different  diameters  and  wall  thicknesses.  Calculation  was 
performed  based  on  the  condition  that  with  an  increase  in  pipe 
diameter  overheating  of  the  upper  generatrix  of  the  pipe  must 
remain  constant. 
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EXPERIMENTAL  RESEARCH  ON  THE 
COOLING  OF  WORKING  BLADE  ELEMENTS 
IN  A  GAS  TURBINE  ENGINE  BY  A 
FINELY  DIVIDED  AIR-WATER  MIXTURE 


L.  M.  Zysina-Molozhen,  I.  B.  Uskov, 
and  L.  V.  Zysin 

Abbreviations : 


op  ■  ribbed; 
cm  »  mixture. 

The  rapid  development  of  power  engineering  requires  that  we 
find  new  methods  for  substantially  increasing  the  thermal  effective¬ 
ness  of  thermal  electric  plants. 

One  possible  solution  to  this  problem  is  the  application  of 
high-temperature  gas  turbines  with  intensive  cooling  of  flow 
elements. 

The  maximum  temperature  of  gas,  determined  by  the  thermal 
stability  of  materials  forming  the  flow-through  section,  is  a 
function  of  heat  removal  from  the  surface. 

In  solving  the  problem  of  cooling  we  generally  encounter 
two  approaches  in  literature:  on  the  one  hand,  the  problem  of 
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protecting  the  surface  from  powerful  heat  flows  from  the  gas  side 
and,  on  the  other  hand,  the  problem  of  ensuring  maximum  heat 
removal  from  the  heated  surface.  In  either  case,  one  of  the 
effective  cooling  methods  examined  is  the  use  of  humid  flows  with 
finely  dispersed  moisture.  In  the  first  case,  an  air-water 
mixture  fed  directly  into  the  gas  channel  is  blown  around  the 
outside  of  the  blade  [1,  2]  and,  in  the  second  case,  a  humid  gas 
flow  is  blown  along  the  inside  of  the  blade  with  single-loop 
cooling  or  the  roots  of  the  blades  with  double-loop  cooling  [4,  5]. 
With  respect  to  the  latter  case,  in  the  gas  turbine  laboratory  at 
TsKTI  [Central  Scientific  Research,  Planning  and  Design  Boiler 
and  Turbine  Institute]  and  at  LPI  [Translator's  Note:  This 
abbreviation  could  stand  for  either  the  Leningrad  Polytechnic 
Institute  or  the  L’vov  Polytechnic  Institute]  considerable  research 
has  been  performed,  as  a  result  of  which  an  installation  has  been 
developed  based  on  the  TsKTI-LPI  diagram  which  makes  it  possible 
to  design  for  an  efficiency  on  the  order  of  50Jf  with  a  working 
gas  temperature  of  approximately  1200°C  [3]*  However,  we  can  only 
obtain  the  final  design  data  for  this  layout  when  we  receive 
reliable  recommendations  on  the  intensity  of  heat  exchange  in 
humid  flows. 

At  the  present  time  there  is  no  well  defined  concept  con¬ 
cerning  the  mechanism  of  heat  exchange  in  such  flows  with  respect 
to  the  above  cases,  and,  therefore,  there  is  no  sufficiently  well 
founded  theoretical  solution  to  the  problem  of  possible  heat 
removal. 


Published  results  of  various  studies  on  heat  exchange  in 
moist  flows  are  very  contradictory.  For  example,  in  some  cases 
they  speak  of  the  great  intensification  of  heat  exchange  from  the 
Introduction  of  moisture  (by  a  factor  of  several  tens)  and,  in 
vther  cases,  this  intensification  only  reaches  several  tens  of 
percents.  All  this  points  to  the  absence  of  systematic  research 
in  a  wide  range  of  variation  for  the  determining  parameters. 
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Below  we  discuss  the  results  of  experimental  research  on  the 
heat  transfer,  in  a  moist  gas  flow,  of  cascades  of  blades, 
cascades  of  bladed  radiators  made  from  ribbed  rods,  and  single 
ribbed  and  smooth  rods.  The  experiments  were  made  on  stands  at 
LPI  and  TsKTI. 

Figure  1  presents  a  diagram  of  a  ribbed  radiator  cascade. 
Cascades  with  a  fixed  rib  height  of  h  »  2.5  mm  were  studied  at 
various  values  of  pitch.  As  the  arbitrary  characteristic  of  the 
ribbing  in  our  tests  we  took  the  ribbing  coefficient  f: 


Here  F  is  the  surface  of  the  ribbed  model;  Fn  is  the  surface  of 
op  u 

the  unribbed  model. 


Fig.  1.  Diagram  of  a  ribbed 
cascade  of  bladed  radiators: 

1  -  Bladed  radiator  heated  by 
electrical  current; 

2  -  Unheated  body. 

KEY:  (1)  Outline  of  problem. 


In  the  experiments,  specific  thermal  load  q,  relative 
humidity  G,  temperature  factor  i)»,  and  Reynolds  number  are  varied 
within  the  following  ranges: 

q  -  4.25*104-J».1*105 

nr*h 

G  «  1. 4-14.0*;  i|>  -  1.05-2.5; 

Rex  -  3‘104-5'105;  G  -  q ft-gy  -100%; 
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where  G’  and  G"  are  the  per-unit-weight  contents  of  liquid  and 
gas  phases,  respectively;  Tw  and  TQ  are  wall  temperatures 

and  gas  flow,  respectively;  w  is  the  flow  velocity  of 

the  cooling  mixture  at  cascade  input;  v  is  the  kinematic  viscosity 
of  the  gas  flow,  taken  with  respect  to  parameters  at  input;  x  is 
the  current  coordinate  read  from  the  leading  edge  along  the 
contour  of  the  cooled  element. 

Let  us  note  that  the  temperature  factor  in  our  designations 
is  uniquely  related  to  the  criterion  in  the  definition 

of  reference  [**]  with  respect  to  the  conditions  of  the  problem 
examined. 

Figure  2  illustrates  the  experimental  data  on  heat  transfer 
in  a  radiator  cascade  with  a  ribbing  coefficient  of  f  *  2.6  when 
dry  air  is  flowing  around  it.  The  test  points  are  grouped  along 
the  curve  with  a  spread  of  ±15% • 

Nu»  0,043  Re**.  (2) 

The  temperature  factor  varied  within  the  range  of  iji  ■  1.18  to 
<|>  ■  2.7;  however,  a  clear  lamination  with  respect  to  ^  was  not 
detected  in  the  tests.  Calculations  using  the  following  formula 
are  indicated  by  dashes  on  this  figure: 

Nu— 0,0434  Re'<TV',n  (3) 

for  the  limiting  values  of  <>.  Formula  (3)  was  derived  by  V.  I. 
Lokay  for  the  case  of  flow  in  a  slotted  gap  between  the  blade 
surface  and  the  deflector. 

As  is  apparent,  deviation  from  this  formula  does  not  exceed 
the  spread  of  our  test  points.  This  indicates  the  practical 
identity  of  the  formulas.  Tests  during  blowing  by  dry  air  with  a 
ribbing  coefficient  of  f  ■  3.5  and  a  single  ribbed  rod  gave 
practically  the  same  dependence  on  the  Re  number. 
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Fig.  2.  The  function  of  Nu  ■  Hu  (Re)  for 
cascade  No.  1  during  a  flow  of  dry  air 
around  it. 


The  effect  of  ribbing  In  the  expression  for  heat  exchange 
intensity 


Nu«-*eReM  • 


appears  only  in  terms  of  the  value  of  coefficient  c,  connected 
in  our  treatment  with  coefficient  f  (in  the  range  of  f  variation 
from  1  to  3.5)  by  an  empirical  relationship  of  the  form: 

c  - 0,034 /*•".  (4) 


As  a  characteristic  of  the  intensification  of  local  heat 
transfer  values  because  of  the  Introduction  of  finely  dispersed 
suspended  moisture  in  the  flow,  the  following  value  was  assumed: 


Here  Nu  is  the  intensity  of  heat  exchange  during  cooling  by  a 
two-component  humid  flow;  NuQ  is  the  intensity  of  heat  exchange 
during  a  flow  of  dry  air  around  the  cooled  element. 

The  introduction  of  the  intensification  factor  if  made  it 
possible  to  formally  disregard  the  effect  of  the  Re  number  on  the 
heat  exchange  process  in  moist  flow.  Obviously*  this  is  possible 
only  within  the  limits  of  a  single  flow  regime  in  the  boundary 
layer.  When  the  flow  velocity  exceeds  a  certain  critical  value 
defining  the  change  in  the  flow  regime  on  the  surface*  the 
established  regularities  can  be  violated. 

The  analysis  and  treatment  of  test  data  on  heat  exchange  in 
humid  flows  indicated  that  in  the  Interrib  channels  of  cascades 
there  is  a  stable  uniform  flow  in  the  boundary  layer  and  the 
intensification  of  heat  exchange  is  varied  (as  a  function  of  the 
values  of  the  determining  parameters).  It  is  obvious  that  the 
greatest  intensification  of  heat  exchange  is  determined  by  the 
possibility  of  a  boiling  regime.  Such  conditions  occur  at  values 
of  *  *  1.05-1.15. 


Pig.  3*  N  versus  ♦  for  humid 
air  and  vapor  flows  (CT  >  <»J): 

•  -  q  «  1.18.105  kcal/A2*h, 

C 

moist  vapor;  §  -  q  »  1.65*10 
kcal/m2*h;  0  -  q  •  1.52*10^ 
koal/m  *h,  moist  air;  0  -  q  • 
1.76*10^  kcal/m2*h,  moist  air. 


9*< 


I 


As  a  function  of  the  values  of  q  and  G,  values  for  N  >  10 
can  be  obtained  in  these  conditions  as  is  apparent,  for  example, 
from  Pigs.  3  and  4.  The  process  of  stable  boiling  in  the  liquid 
film  forming  on  the  wall,  at  high  gas  flow  velocity,  is  con¬ 
siderably  hindered  [6]  and  with  an  increase  in  \p  it  is  obviously 
suppressed  entirely.  A  flow  of  the  dispersed-annular  type  is 
established  [6].  The  intensification  of  heat  exchange,  in  this 
case,  is  achieved  from  the  evaporation  of  liquid  from  the  surface 
of  the  film,  which  is  supplemented  by  the  moisture  precipitating 
from  the  flow.  As  \p  increases  the  evaporating  part  of  the  liquid 
can  not  be  supplemented  by  that  precipitating  from  the  flow  and 
a  gradual  thinning  of  the  film  occurs,  with  which  the  intensifi¬ 
cation  of  heat  exchange  decreases.  When  <Ji  *  2  the  heat  exchange 
intensification  is  only  10—40% . 

It  is  apparent  from  the  curves  in  Pig.  5  that  an  increase  in 
moisture  content  in  the  flow  intensifies  heat  exchange;  however, 
there  is  a  certain  limiting  moisture  content  after  which  a 
further  Increase  does  not  affect  heat  exchange  intensity.  In  our 
tests  this  value  was  on  the  order  of  4-6X.  However,  in  this 
range  of  values  for  <T,  noticeable  intensification  occurs  only 
when  <  2.0;  the  degree  of  intensification  increases  when  the 
temperature  factor  approaches  1.  When  tp  >  2  all  curves,  regardless 
of  G  and  q,  contract  toward  one  limiting  value,  corresponding  to 
a  virtually  complete  absence  of  heat  exchange  intensification, 
i.e.,  in  essence  a  heat  exchange  crisis  occurs.  The  crisis, 
under  our  conditions,  is  not  characterised  by  an  abrupt  decrease 
in  heat  transfer  and  the  approach  to  it  is  quite  blurred. 
Apparently  this  is  connected  with  the  specifics  of  the  process  at 
high  velocities  of  the  supporting  moisture  of  the  flow. 

As  a  result  of  generalizing  the  obtained  test  data,  the 
following  relationship  was  established: 

•V  -l  +  (5) 
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Pig.  IT  versus  5  when 
q  *  3.55*10^  kcal/m2*h  for 
cascade  No.  1. 
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Pig.  5*  IT  versus  q  for 

cascade  No.  1  when  S’  «  6%: 

-  calculation  according 

to  formula  (7). 


(Here  q  =*  )  for  a  calculation  of  heat  exchange  intensi¬ 

fication  from  the  introduction  of  suspended  moisture  in  the  flow. 
The  formula  was  identical  for  the  different  cascades;  the 
geometric  characteristics  of  the  ribbing  affected  only  the  value 
of  coefficient  c  in  formula  (5)*  We  should  note  that  the  values 
of  N  for  a  single  rod  were  the  same  as  for  the  cascade.  This  data 
made  it  possible  to  give  a  general  recommendation  for  calculation 
in  the  form  of  formula  (5)*  To  determine  the  coefficient  c  with 
respect  to  the  cases  of  ribbing  we  studied,  the  following  ex¬ 
perimental  relationship  was  obtained: 


(6) 


« 


Most  of  the  tests  were  performed  on  an  air-water  mixture.  A 
number  of  experiments  were  made  on  moist  vapor.  These  tests  were 
generally  pursued  for  the  purpose  of  obtaining  data  for  com¬ 
parison.  Within  the  framework  of  the  experiment,  as  is  apparent 
from  Fig.  3,  we  could  not  detect  a  substantial  difference  between 
data  obtained  on  moist  vapor  or  air  flows. 


A  comparison  of  data  for  single  rods  with  and  without  ribs 
shows  that  when  moist  flow  is  used,  an  increase  in  the  ribbing 
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coefficient  leads  to  a  decrease,  all  things  being  equal,  in  the 
value  of  the  heat  exchange  intensification  coefficient.  This  is 
easy  to  see,  for  example,  from  Pig.  6,  which  presents  the  curve 
for  variations  in  ratio 


as  a  function  of  when  q 


A-jSfc L 

W/-3.S 

1.5*10^  kcal/m2*h. 


Pig.  6.  A  versus  when 
q  »  1.5  *  10^  kcal/m2,h. 


Formula  (5)  is  different  from  the  formula  of  V.  I.  Lokay  for 
an  air~ water  mixture,  obtained  relative  to  a  blade  with  a  deflector 
[5] : 

V-l+0,7J(^)“ik«Rer.  (7) 

However,  a  comparison  of  formula  (5)  and  (7)  shows  that  in 
this  range,  for  which  formula  (7)  is  obtained  (Q  ■  0—2 . 53t ; 

<|/  <  1.4),  it  agrees  fully  with  the  relationship  we  obtained.  The 
dashes  in  Pig.  5  show  the  results  of  calculations  using  this 
formula . 

We  should  emphasize  that  formula  (5)  is  invalid  when  ip  <  1.15. 
In  this  case,  as  indicated  above,  another  flow  regime  occurs  in 
the  film. 

Tests  made  on  a  cascade  of  turbine  blades  also  revealed  a 
significant  intensification  of  heat  exchange  during  the  motion 
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in  the  interblade  channels  of  air  with  finely  dispersed  moisture 
[7].  A  relationship  between  the  degree  of  intensification  and 
the  determining  parameters  was  detected.  Tests  with  a  blade 
cascade  were  made  in  a  much  smaller  volume  than  those  with  a 
radiator  cascade;  therefore,  we  could  not  as  yet  obtain  in  them  • 

generalized  quantitative  relationships.  However,  qualitative 
relationships  are  found  to  be  similar  in  both  cases.  For  illus¬ 
tration,  in  Fig.  7a  we  have  presented  one  of  the  patterns  of  the  * 

variations  in  the  average  heat  transfer  factor  in  a  cascade  with 
a  variation  in  wall  temperature.  It  is  apparent  from  the  graph 
that  there  are  two  heat  exchange  mechanisms:  one,  corresponding 

to  great  intensification  in  heat  exchange,  when  a  reaches  values 
„  o  o 

of  a  *  15*10  kcal/m  *h,  which  can  be  called  the  presence  of 
intensive  evaporation,  and  the  following  decrease  in  a  which 
corresponds  to  a  change  in  the  heat  exchange  regime  in  the 
boundary  layer. 


Fig.  7.  Average  heat  transfer  factor  versus  wall 

temperature  during  flow  around  a  cascade  of  turbine 

blades:  *• 

a  -  Data  obtained  on  a  blade  cascade;  b  -  Data  of 

V.  M.  Borishanskiy  [93. 

Indirect  analogy  with  the  pattern  examined  can  be  seen  in 
the  results  of  observing  vaporization  times  for  the  various  liquid 
suspensions  on  a  heated  surface  presented  in  reference  [8,  93. 
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The  corresponding  pattern  is  presented  in  Pig.  7b.  The  ordinate 
in  this  figure  is  proportional  to  the  heat  exchange  intensity.  A 
comparison  of  the  curves  in  Pigs.  7a  and  b  leads  us  to  assume  that 
in  our  tests  with  blades  evaporation  of  drops  or  separate  liquid 
formations  on  the  surface  possibly  occurred. 


Fig.  8.  Intensification  of  heat  transfer 
*  as  a  function  of  spray  dispersion. 

In  reference  [10]  it  was  shown  that  in  the  case  of  the 
evaporation  of  separate  drops  at  fixed  wall  temperature  t  ,  the 
ratio  of  evaporation  time  to  droplet  diameter  t/du  is  constant. 
Taking  this  regularity  into  account,  similar  curves  for  drops  of 
various  diameters  were  obtained  by  calculation  on  the  basis  of 
Pig.  7b.  The  results  of  these  calculations  are  presented  in 
Fig.  8.  As  is  apparent,  in  a  certain  range  of  surface  temperature 
variation  the  dispersion  of  the  spray  must  have  a  substantial 
effect  on  heat  exchange  intensification. 

However,  in  our  tests  and  in  the  tests  from  reference  [4]  no 
such  effect  was  detected.  Apparently,  we  did  not  manage  to 
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achieve  sufficient  dispersion  variation  in  the  tests  since  the 
spraying  devices  in  our  experimental  installations  were  rather 
far  from  the  working  sections  and  the  dispersion  of  moisture 
entering  the  working  section  was  generally  determined  by  the 
input  conditions. 

The  effect  of  dispersion  should  be  the  subject  of  further 
study. 

Special  research  should  also  be  performed  on  the  effect  of 
curvature  and  the  longitudinal  pressure  gradient  in  the  interblade 
channel.  There  is  a  basis  for  assuming  that  this  effect  will  be 
quite  substantial  since,  to  a  certain  extent,  the  amount  of 
moisture  precipitating  from  the  main  flow  in  the  boundary  layer 
will  depend  upon  it. 

To  develop  an  analytical  method  for  calculating  heat  exchange 
in  flow  with  finely  dispersed  moisture  it  is  necessary  to  set  up 
a  study  on  the  mechanism  of  motion  and  precipitation  of  moisture 
from  flow  in  the  boundary  layer  and  its  evaporation  mechanism. 

The  quantitative  relationships  and  calculation  formulas 
obtained  in  this  work  can  be  recommended  for  practical  calculation; 
however,  in  using  them,  it  is  necessary  to  stay  within  the  above 
discussed  applicability  limits. 
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A  STUDY  ON  THE  EFFECT  OF  FORCED 
LIQUID  MOTION  ON  HEAT  EXCHANGE 
DURING  THE  BOILING  OF  SEA  WATER 


V.  N.  Slesarenko 

Abbreviations j 


flHCT  »  distillate 
m.b  ■  sea  water 

In  the  thermal  distillation  of  sea  water,  rotor  installations 
with  boiling  in  a  rotating  flow  of  liquid  are  being  used  more  and 
more  [1,  2],  The  operating  regime  of  such  installations  is 
characterized  by  the  formation  of  a  thin  rotating  film  between 
the  heating  surface  and  the  boiling  liquid.  The  distinguishing 
characteristics  of  rotor  evaporators  are  the  low  specific  flow 
rate  of  the  heating  vapor,  good  moisture  separation,  the  absence 
of  scum  formation,  and  a  high  heat  transfer  factor.  However,  we 
should  mention  that  there  has  been  little  experimental  research 
on  the  intensification  of  convective  heat  exchange  during  boiling 
in  thin  rotating  films. 

On  an  experimental  installation  [3,  ^3,  the  main  working 
element  of  which  was  a  rotor  evaporator,  a  study  was  made  on  the 
effect  of  the  rotating  motion  of  flow  and  the  thickness  of  the 
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boiling  film  on  heat  exchange  during  the  boiling  of  sea  water  and 
a  distillate. 

After  the  processing  of  experimental  data  on  the  boiling  of 
the  distillate,  it  was  found  that  a  change  in  the  number  of 
rotor  revolutions  with  a  constant  clearance  value  and  specific 

p 

thermal  flux  from  11,630  to  116,300  W/m  ,  brings  about  a  sig¬ 
nificant  increase  in  the  heat  transfer  factor. 

Figure  1  gives  the  graphic  functions  a2  *  f(q)  when  6  *  1.5 
mm  and  the  variation  in  the  rotor  rpm  n  *  500,  700,  1000,  1200 
r/min.  On  this  same  graph  the  curve  a 2  =  f(q)  for  water  boiling 
in  a  large  volume  is  plotted.  It  is  apparent  from  the  graph  that 
at  the  same  values  for  heat  flux  the  quantity  a2  in  the  presence 
of  flow  rotation  is  significantly  higher  than  for  heat  exchange 
conditions  during  the  boiling  of  water  in  a  large  volume. 
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Fig.  1.  a,  versus  q  for  distillate  and 

d 

sea  water  boiling  in  a  rotating  flow: 

<$  =  1.5  mm;  1  -  n  =  500  r/min;  2  - 
n  =  700  r/min;  3  -  n  a  1000  r/min; 

^4  —  n  =  1200  r/min. 


In  the  range  of  heat  fluxes  studied  an  increase  in  the  latter 
during  liquid  rotation  acarcely  affects  the  value  of  the  heat 
transfer  factor,  while  with  an  increase  in  the  rpm,  the  value  of 
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ul-o  increases.  The  growth  rate  (the  difference  between  the 
valuon  of  aj  at  various  rpm'u)  of  the  heat  transfer  factor  when 
q  ■  const  drops  somewhat  with  an  increase  in  the  rpm.  A  change 
In  the  hydrodynamic  regime  of  liquid  motion  relative  to  the 
heating  surface,  in  our  opinion>  substantially  alters  the  general 
picture  of  the  heat  exchange  process,  contributing  to  an 
acceleration  in  the  detachment  of  vapor  bubbles  and  a  migration 
to  the  boundary  layer  of  new  portions  of  water •  At  low  rpm’s 
(n  ■  500,  750  r/min)  the  frequency  of  vapor  bubble  detachment 
determines  the  increase  in  a2;  a  subsequent  change  in  n  (1000, 
1200  r/min),  obviously,  leads  to  a  detachment  of  liquid  from  the 
heating  surface  and  to  a  certain  reduction  in  the  growth  rate  of 
the  heat  transfer  factor. 

A  change  in  the  size  of  the  clearance  6  from  0.5  to  1.5  mm 
leads  to  a  reduction  in  the  coefficient  a2. 

The  effect  of  6  on.  a2  at  various  thermal  fluxes  can  be  es¬ 
tablished  from  examining  Fig.  2. 


Fig.  2.  Variation  in  the  heat  transfer 
factor  for  distillate  with  an  increase 
in  the  thickness  of  the  boiling  layer: 

6  -  1.5  mm;  N.  0.  Styushin:  1  -  n  -  750 
r/min;  2  -  n  ■  500  r/min;  author: 

3  -  n  ■  700  r/min;  4  -  n  -  500  r/min. 
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With  small  clearances  between  the  rotor  and  the  heating 
surface  (6  =  0.5  mm)  the  value  of  otg  is  considerably  higher  than 
with  large  clearances  (6  =  1.5  mm).  This  can  be  explained  by  the 
fact  that  when  6  =  0.5  mm  wall  temperature  is  lower  than  it  is 
with  clearances  of  1.0,  1.5  mm.  The  reduction  in  wall  temperature 

* 

occurs  because  of  the  better  heat  removal  from  the  surface  to  the 
liquid  and  the  separation  of  vapor  bubbles  of  very  small  dimensions, 
not  yet  reaching  separation  diameter,  which,  on  the  whole,  leads 
to  an  increase  in  the  heat  transfer  factor  otg.  With  an  increase 
in  the  clearance  the  heat  exchange  intensity  worsens  somewhat. 

It  follows  from  the  above  that  forced  motion  (in  the  form  of 
rotation)  in  the  heat  flux  range  of  q  *  11,630  to  116,300  W/m2 
when  5  *  const  enables  the  intensification  of  the  heat  exchange 
process,  causing  an  increase  in  the  heat  transfer  factor. 

An  increase  in  heat  fluxes  in  this  range  does  not  cause  a 
change  in  the  coefficient  a2 -  The  heat  transfer  factor  depends 
on  the  rpm  of  the  rotor  (angular  velocity)  and  at  large  n  reaches 
23,000-29,000  W/m2-deg. 

The  growth  rate  of  <Xg  drops  somewhat  with  an  increase  in  the 
angular  velocity  of  rotor  rotation.  It  is  possible  that  when 
n  is  too  high,  the  nucleate  boiling  regime  is  disrupted  and  there 
is  a  transition  to  film  boiling. 

A  change  in  the  clearance  6,  all  other  things  equal,  toward 
an  increase  somewhat  reduces  the  value  of  the  coefficient  of  heat 
transfer  from  the  wall  to  the  liquid.  With  the  clearance 
>•  dimensions  assumed,  otg  drops  6— 8% . 

Sea  water  of  constant  concentration,  boiling  in  a  thin 
»  rotating  film  (see  Fig.  1),  gives  a  value  for  the  heat  transfer 

factor  20-25?  lower  than  distilled  water  boiling  under  the  same 
conditions.  In  our  opinion,  this  is  explained  by  the  difference 
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in  tne  physical  properties  of  these  liquids  since  the  hydro- 
dynamic  regimes  of  the  installation  are  the  same. 

An  increase  in  specific  heat  flux  within  the  assumed  range 
does  not  change  the  value  of  o^.  This  is  particularly  important 
for  evaporative  devices  using  low-potential  heat.  Operation  at 
low  temperature  heads  decreases  scum  formation. 

The  character  of  the  increase  in  the  heat  transfer  factor 
with  an  increase  in  the  rpm  (Pig.  3)  and  during  the  boiling  of 
sea  water  is  clearly  expressed.  In  the  distillate  the  effect  of 
angular  velocity  is  less  than  in  the  sea  water. 


Pig*  3*  Heat  transfer  factor  versus 
rotor  rpm: 

□  -  <$  -  ■  0,5mm;  0  -  <5  «  1.5  mm; 
n  *  500  r/min. 

Theoretical  treatment  of  experimental  data  in  connection  with 
the  heat  transfer  factor  and  the  rotor  rpm  gives  the  followin' 
empirical  equations: 

=  (1) 

a-  •  =  685 «"*«».  (2) 

A  similar  character  for  this  relationship  is  also  observed 
in  the  works  of  Hickman  et  al.  [53* 
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At  low  concentrations  of  sea  water  (1,  5,  355)  with  forced 
motion,  a  noticeable  decrease  in  the  heat  transfer  factor  is  not 
observed  as  occurs  with  boiling  in  a  large  volume.  We  can  assume 
that  the  turbulence  of  the  flow  during  rotation  with  low  con¬ 
centrations  excludes  the  supersaturation  of  the  solution  in  the 
boundary  layer  at  the  heating  surface,  while  with  an  increase  in 
thermal  fluxes  during  boiling  in  large  volume  such  a  super¬ 
saturation  is  observed  and  leads  to  a  reduction  in  o2  with  an 
increase  in  concentration. 

This  position  is  confirmed  by  the  fact  that  during  tests,  the 
deposition  of  scum  on  the  heat-transferring  surface  during  the 
boiling  of  sea  water  in  a  large  volume  occurs  more  rapidly  than 
during  the  boiling  of  a  rotating  flow. 

With  an  increase  in  the  concentration  (10,  1550  of  sea  water 
the  value  of  the  coefficient  a2  drops  with  approximately  the  same 
intensity  as  during  boiling  in  a  large  volume.  In  this  case,  sea 
water  has  a  considerable  salt  saturation  and  a  change  in  the  flow 
hydrodynamics  can  not  substantially  change  the  heat  exchange 
process.  It  should  be  mentioned  that  in  the  presence  of  rotation 
the  drop  in  ou  at  concentrations  of  10,  1555  begins  at  a  higher 
range  of  thermal  fluxes  (58,000-69,750  W/m2)  than  with  boiling  in 

p 

a  large  volume  (35,000-41,000  W/m  ). 

In  tests  with  sea  water  the  thicknesses  of  the  boiling 
rotating  layer  of  liquid  varied  because  of  the  change  in  the 
clearance  6. 

Experiments  indicated  that  regularities  of  the  process 
remained  the  same  as  with  boiling  of  the  distillate,  but  the 
absolute  values  of  o2  are  somewhat  lower. 

Transition  to  higher  rotor  rpm  with  a  decrease  in  clearance 
size  at  q  «  const  causes  an  increase  in  <*2.  But  with  clearances 
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of  0.5  and  1.0  mm  points  are  observed  for  which  the  value  of 
drops  sharply.  A  substantial  reduction  in  the  heat  transfer 

p 

factor  is  found  with  thermal  fluxes  of  approximately  70,000  W/rr. '. 

Jn  our  opinion,  with  an  increase  in  rotor  rpm  at  this  time 

the  water  can  not  successfully  remove  heat  from  the  surface,  i.e., 

the  process  of  nucleate  boiling  is  disrupted  and  the  value  of  a-, 

< 

falls. 


In  the  experimental  study  several  characteristics  of  the 
scum  formation  process,  which  occurs  during  the  rotation  of  a 
boiling  flow,  were  studied. 

In  the  presence  of  rotation  in  flows  of  varying  thicknesses 
and  constant  concentration,  taken  in  our  study  after  60  h  of 
continuous  operation,  scum  deposit  was  not  observed. 

The  salt  concentration  in  the  boundary  layer  does  not  grow 
infinitely;  a  reverse  transfer  of  salt  to  the  mass  of  the  solution 
occurs . 

The  rotation  of  the  liquid  flow  obviously  contributes  sig¬ 
nificantly  to  this  transfer;  with  boiling  of  sea  water  in  a  large 
volume,  however,  the  movement  of  the  liquid  masses  relative  to 
the  surface  deteriorates  somewhat  and  with  an  increase  in  wall 
temperature  scum  begins  to  appear.  An  intensive  mixing  of  water 
near  the  surface  does  not  allow  the  salt  concentration  to  increase 
In  the  tcundary  layer  and,  consequently,  the  intensity  if  salt 
deposit  on  the  surface  is  reduced.  This  apparently  explains  the 
absence  of  scum  on  heating  surfaces. 

From  an  analysis  of  the  works  of  Hadley  and  Hickman  on  the 
.•oiling  of  sea  water  on  rotating  surfaces  it  is  apparent  that 
they  also  did  not  detect  the  deposition  of  scum  during  the  con¬ 
tinuous  operation  of  an  installation  for  12  hours.  Our 


conclusions  are  valid  only  at  low  temperature  heads  (At  =  3-10°C). 

An  increase  in  the  temperature  head  to  15-l6°C  causes  the 
appearance  of  scum  even  with  the  rotation  of  flow.  An  increase 
in  the  concentration  of  sea  water  for  low  At  does  not  alter  these 
conclusions,  but  with  a  rise  in  At  scum  begins  to  cover  the 
surface.  This  once  again  substantiates  the  position  that  the 
process  of  scum  formation  is  wholly  determined  by  the  values  of 
the  temperature  head  and  the  concentration  of  sea  water. 


From  an  analysis  of  the  experimental  data  it  is  apparent 
that  the  disruption  in  the  hydrodynamics  of  a  two-phase  flow 
because  of  the  forced  motion  of  liquid  at  low  heat  fluxes  (to 

p 

116,300  W/m  )  and  the  value  of  the  heat  transfer  factor  are  de¬ 
termined  by  the  velocity  of  the  forced  motion.  N.  Q.  Styushin 
[6]  arrived  at  the  same  conclusions,  taking  into  account  the 
directed  motion  of  the  liquid  by  introducing  the  criterion 
Kw  *  wVwQ  where  wQ  is  the  velocity  of  the  forced  motion,  w*  is 
the  rate  of  vapor  formation.  We  obtained  a  criterion  equation  in 
which  the  velocity  of  the  forced  motion  was  taken  as  equal  to  the 
angular  velocity  of  the  motion  of  the  liquid: 


% 

K 


(3) 


This  choice  was  based  on  the  fact  that  the  forced  motion  had 
a  rotational  shape. 

Using  the  experimental  data  from  our  study  with  distillate 
and  sea  water,  as  well  as  the  data  of  N.  Q.  Styushin,  we  attempted 
to  set  up  the  final  form  of  equation  (3)  and  to  generalize  the 
experimental  data  with  this  equation. 

The  criteria  system  which  describes  the  process  of  liquid 
boiling  in  a  rotational  flow  is  represented  in  the  form: 
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Xu  -  /  ■  ?r,  Pea,  K,).  ( 4  ) 

As  established  during  experimentation,  a  variation  in  thermal 
flux  (in  the  range  q  *  11,630-116,300  W/m  )  has  no  effect  on  the 
condition  of  heat  exchange  during  the  forced  motion  of  liquid. 

This  enables  us  to  exclude  from  equation  (4)  the  criterion  K  as 
not  being  a  determining  characteristic  of  the  process  in  this 
case. 


Then 

Xj  =/(Pr,  Pe8),  (5) 

_  u» 

where  F<‘.  ■» 

The  processing  of  tests  (Fig.  4)  in  coordinates  "«ir r‘ 
with  respect  to  a  distillate  in  sea  water  makes  it  possible  to 
establish  the  final  form  of  relationship  (5) 

Xu-^Pe^Pr^,  (CO 

where  A  «  5-75  is  the  distillate;  A  *  5.0  is  the  sea  water. 


Fig.  4.  Processing  of  experimental  data 
on  the  boiling  of  distillate  and  sea 
water  in  a  rotational  flow  in  the  cri¬ 


terion  form: 
6  *  1.5  mm 


Sea  water 


{1  -  n  «  1200  r/min;  2  -  n  «  1000  r/min; 
(3  -  n  *  750  r/min;  4  -  n  =  500  r/min. 
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To  substantiate  the  criterion  equation  (6)  we  processed  the 
results  of  the  experimental  study  of  N.  Q.  Styushin  on  the  boiling 
of  water  during  forced  motion  on  various  surfaces  in  the  range  of 
q  variations  which  interested  us.  They  were  arranged  satisfactorily 
with  respect  to  the  averaging  curve  (Pig.  5).  The  spread  of 
separate  points  varied  from  0  to  20%.  Such  a  deviation  can  be 
explained  by  the  variation  in  the  clearance  between  the  rotor  and 
the  heating  surface  in  our  test  and  the  tests  of  N.  G.  Styushin 
(2-8  mm). 
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Pig.  5*  Generalization  of  the  experimental 
data  of  N.  G.  Styushin  on  the  criterion  re¬ 
lationship  Nut  , 

0  -  Distillate}  0  -  Sea  water:  Ri  -  R2  *  1*5  mm. 

We  should  mention  that  the  quantity  of  experimental  data  on 
boiling  in  rotational  flows  of  liquid  is  very  limited,  which  makes 
a  full  check  of  the  derived  relationship  impossible. 


Analysis  of  the  heat  exchange  process  during  boiling  in  a 
rotational  flow  leads  to  the  conclusion  that  an  increase  in  rotor 
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rpm  within  the  thermal  flux  range  11,630-116,300  W/m  leads  to  an 
increase  in  the  heat  transfer  factor  by  80-85*.  The  effect  of 
the  thickness  of  the  boiling  layer  is  not  clearly  expressed  and, 
although  a  certain  increase  in  Og  l°w  (0.5,  1  mm)  thicknesses 
is  observed,  the  stability  of  liquid  boiling  is  disrupted  with  an 
increase  in  thermal  fluxes.  At  the  same  time,  the  boiling  process, 
under  such  conditions,  considerably  reduces  scum  formation. 

We  have  based  our  conclusions  on  the  fact  that  heat  exchange 
during  boiling  in  the  range  of  thermal  fluxes  assumed  is  wholly 
determined  by  the  angular  velocity  of  the  liquid. 
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CRITICAL  THERMAL  LOADS  IN  ANNULAR 
CHANNELS 


V.  I.  Tolubinskiy,  A.  K.  Litoshenko, 
and  V.  L.  Shevtsov 

Abbreviations 

Kp  »  crisis,  critical; 

He a  ■  underheating. 

In  various  fields  of  engineering  heat  exchangers  are  fre¬ 
quently  used  in  which  the  motion  of  the  cooling  liquid  occurs  in 
cylindrical  or  annular  channels  where  the  pipe  diameters  and 
slot  widths  vary  from  several  tens  to  fractions  of  a  millimeter. 

Most  of  these  systems  in  advanced  installations  use  the  heat 
transfer  process  with  surface  boiling  which  does  not  reach  liquid 
saturation  temperature  under  forced  motion  conditions.  The 
forcing  limit  of  the  heat  exchange  process  with  boiling  is  de¬ 
termined  by  the  critical  thermal  load  at  which  nucleate  boiling 
changes  to  film  boiling. 

Many  works  have  been  devoted  to  the  study  of  the  heat  ex¬ 
change  crisis.  As  a  result  of  these  efforts,  it  has  been  estab¬ 
lished  that  the  pressure,  temperature,  and  physical  properties  of 
the  working  fluid,  the  shape  and  dimensions  of  the  heat-transferring 
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surface,  as  well  as  the  velocity  of  the  forced  fluid  motion 
affect  the  value  of  critical  thermal  load. 

Nevertheless,  because  of  the  absence,  in  a  number  of  cases, 
of  reliable  methods  of  determining  critical  thermal  loads  by 
calculation,  it  has  been  necessary  to  set  up  special  experimental 
studies . 

The  purpose  of  this  work  has  been  to  study  the  regularities 
involved  in  the  appearance  of  a  heat  exchange  crisis  in  annular 
channels  0.2,  0.4,  0.6,  0.8  mm  wide  under  conditions  of  one-sided 
external  heating  in  a  pressure  range  from  2.5  to  21.6  MN/m  . 

Mass  velocities  varied  from  50  to  400  kg/m  *s,  and  underheating 
of  the  fluid  to  saturation  enthalpy  from  600  kJ/kg  to  30Jt  of  the 
per-weight  vapor  content. 

Experiments  were  performed  on  a  closed  circulation  loop,  all 
lines  of  which  were  made  from  lKhl8N9T  steel.  The  cooling  fluid 
was  distilled  and  degassed  water.  Circulation  of  the  liquid  in 
the  system  was  accomplished  with  a  geared  circulation  pump  in  a 
special  housing  which  would  withstand  pressure  up  to  32  MN/m  . 

The  pressure  in  the  system  was  maintained  by  two  NZhR-11  plunger 
pumps . 

The  flow  rate  of  the  liquid  was  changed  by  a  diaphragm  to 
which  a  specially  constructed  electronic  differential  manometer 
was  connected  [1]. 

After  the  diaphragm,  the  water  passed  in  succession  through 
the  heat  exchanger,  electric  heater,  experimental  section,  heat 
exchanger  again,  cooler,  separator,  and,  finally,  entered  the 
suction  pipe  of  the  circulation  pump. 

In  a  pipe-in-pipe  heat  exchanger  the  water  was  heated  from 
the  heat  of  the  water  coming  out  of  the  experimental  section. 
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The  electric  heater  was  designed  for  final  heating  of  the  water 
to  the  required  temperature.  In  the  cooler  the  water  was  cooled 
to  a  temperature  of  1»0-50°C  and  entered  the  separator,  which  was 
an  air-divider  tank,  during  the  filling  of  the  system  with  water. 

The  test  element  was  a  single  piece  and  installed  vertically 
(Fig.  1).  The  annular  channel  of  the  element  was  formed  by  two 
coaxial  pipes.  The  pipes  were  made  together  with  tightly  fitting 
current-conducting  cams.  In  the  lower  part  the  cams  were  welded 
at  the  bottom  and  were  spaced  with  asbestos-cement  insulation  at 
the  top,  which  allowed  the  thermal  expansion  of  both  pipes. 
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The  feed  and  drain  of  water  was  accomplished  by  clamp  nozzles 
to  which  thermocouple  sleeves  were  welded.  All  parts  of  the  test 
element  were  made  with  a  high  degree  of  precision  and  processing 
purity  no  lower  than  the  seventh  or  eighth  class.  The  principal 
dimensions  of  the  test  elements  are  presented  in  Table  1. 


Table  1. 


UJlipMHt 
Mi  ni  2, 

MM 

|  (2J!;'V  KtHI.1l,  MM 

(5) 

T6IMONHACMI0* 
metl  vtcm  1, 

MM 

-i-ywHiifl 

(3)  «• 

1 

fcuj 

14) 

0.2 

13 

12.6 

20  40  70 

0.4 

13 

'2,; 

20  40  70  - 

0.6 

13 

M.l 

20  40  70  120 

0.8 

13 

11.4 

20  -  60  160 

KEY:  (1)  Channel  width  6,  mm;  (2)  Channel 
diameter,  mm;  (3)  External  d  :  (4)  Internal 

H 

d_:  (5)  Length  of  heat-releasing  part  lt  mm. 

The  element  was  heated  by  a  constant  current  from  an  ANQ-30 
motor-generator,  5000  A,  6  V.  The  lower  current-conducting  cam 
of  the  test  element  was  set  in  an  expanding  contact  ring,  to  the 
copper  nib  of  which  current  conducting  bus  bars  were  connected. 

To  eliminate  from  the  test  element  the  mechanical  stresses  which 
were  inevitable  with  the  rigid  attachment  of  both  its  ends,  due 
to  thermal  expansions,  the  upper  electrical  contact  with  the  test 
element  was  accomplished  through  ll.quid  metal. 

The  heat  exchange  crisis  was  fixed  visually  by  the  appearance 
of  an  incandescent  spot  on  the  outer  surface  of  the  heat-releasing 
part  of  the  element.  In  the  adjustment  test  the  crisis  was  also 
fixed  with  the  aid  of  a  balanced  bridge.  These  tests  showed  good 
agreement  for  the  quantity  qupl  in  both  cases. 

Thermal  load  on  the  heating  surface  was  calculated  from  the 
force  of  the  heating  current  and  the  drop  in  voltage  on  the 
length  of  the  heat-releasing  part  of  the  element  at  the  moment 
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the  heat  exchange  crisis  occurred.  Liquid  flow  parameters  at  the 
spot  of  crisis  occurrence  were  calculated  based  on  the  thermal 
balance.  Data  from  the  control  measurement  apparatus  made  it 
possible  to  determine  thermal  loads  with  accuracy  up  to  6-8*  and 
flow  parameters  with  accuracy  up  to  ±45  kJ/kg. 

The  increase  in  thermal  load  was  accomplished  by  increasing 
the  value  of  the  heating  current  at  prescribed  constant  values 
for  mass  velocity,  pressure,  and  liquid  temperature  at  input  to 
the  experimental  section.  Thermal  load  rose  smoothly.  With  the 
appearance  of  the  incandescent  spot  on  the  heating  surface  the 
load  dropped.  The  next  test  on  the  same  element  was  performed 
with  the  same  values  for  pressure  and  mass  velocity.  Liquid 
temperature  was  increased  by  20-30°C.  A  series  of  tests  were 
performed  in  the  entire  possible  range  of  liquid  underheating  up 
to  saturation  enthalpy;  the  deformed  elements  were  replaced  with 
new  ones. 

As  a  result  of  each  series  of  tests  functions  quri  »  f(Aiuon) 
were  obtained  at  constant  values  for  the  width  of  the  annular 
clearance,  mass  velocity,  and  pressure.  More  than  200  series  of 
tests  were  made  in  all. 

As  studies  have  shown,  the  value  of  critical  thermal  loading 

is  virtually  independent  of  the  underheating  of  the  liquid  to 

saturation  enthalpy  at  mass  velocities  of  50-200  mg/m^*s;  with  an 

o 

increase  in  mas3  velocity  from  200  to  400  kg/m  *s  the  underheating 
of  the  liquid  affects  the  value  of  qKp,  which  drops  with  a  decrease 
in  underheating.  A  similar  effect  of  liquid  underheating  on  the 
value  of  q  was  detected  in  [2-5]. 

The  effect  of  the  underheating  of  liquid  to  saturation 

enthalpy  on  the  value  of  qu„  is  generally  not  great  and  can  be 

HP 

taken  into  account  in  the  following  manner: 

M  M>  X  0,12fw.  IO-’I/hJ.  ( 1  ) 
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It  is  apparent  that  the  determination  of  AiHefl  by  calculation 
can  not  be  performed  with  complete  accuracy,  especially  at  low 
values  for  Ai  „  since,  in  this  case,  vapor  bubbles,  which  have 
separated  from  the  heating  surface  and  have  not  succeeded  in  con¬ 
densing  in  the  boundary  layer,  are  entrained  by  the  underheated 
flow,  while  the  heat  carried  by  them  is  not  transferred  fully  to 
the  flow  of  liquid  within  the  test  element.  It  is  safe,  however, 
to  estimate  the  vapor  content  of  the  flow  as  long  as  It  is  possible. 

Figure  2  presents  the  function  qu_  ■  f(p)  for  a  clearance 

of  0.6  mm  for  the  case  of  liquid  heating  to  boiling  temperature. 

Similar  functions  were  obtained  for  other  clearances,  lengths  of 

heat-releasing  parts,  and  mass  flow  velocities  [5].  As  is  apparent 

from  the  graph,  the  value  of  qun  in  the  pressure  range  from  2.5  to 
2  MP 

21.6  MN/m  first  grows  with  an  increase  in  pressure  from  2.5  to 
2 

15  MN/m  ,  reaching  Its  maximum  values,  and  then  drops  with  a 

p 

subsequent  increase  in  pressure  from  15  to  21.6  MN/m  .  The  effect 
of  pressure  on  the  quantity  qu_  can  be  expressed  by  the  following 
equation: 

+  (2) 

As  studies  have  shown,  the  critical  thermal  load,  other 

things  ueing  equal,  grows  with  an  increase  in  mass  velocity  in 

the  studied  range  of  variation.  However,  mass  velocity  has  a 

varied  effect  on  qu„  with  different  clearance  widths.  With  an 

up 

increase  in  the  width  of  the  annular  clearance  from  0.2  to  0.8  mm 
the  effect  of  velocity  grows.  Partial  functions  q  «  f(pw)  have 
the  form  qu_  'v  (pw)  ,  where  the  exponent  n  depends  upon  the  width 
of  the  clearance.  In  the  first  approximation,  the  function 
n  »  f(6)  can  be  represented  by  equation: 


n  =  0,6  VI 


(3) 
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Pig.  2.  Function  q  »  t(p)  for  a  clearance  with 

Hp 

width  0.6  mm: 

1  -  l  -  *10  mm,  pw  ■  400  kg/m2*s;  2  -  l  ■  40  mm, 
pw  ■  200  kg/m2* 8 j  3  -  l  ■  40  mm,  pw  ■  100  kg/m2*s; 

4  -  l  *  70  r.un,  pw  ■  400  kg/m2*s;  5  -  l  •  70  mm, 
pw  «  200  kg/m  *s;  6  -  l  ■  70  mm,  pw  ■  100  kg/m  *s. 

Table  2  presents  the  values  for  n  »  f(6)  obtained  as  a 
result  of  processing  test  data,  and  values  for  "n"  calculated 
from  equation  (3). 


Table  2. 


Uii  pima  Ko.ibucnoro 

(1)  3<30pa,  MM 

n  /  (%) 

h  ■  0,6  /f 

0,2 

0,270 

0,269 

0.4 

0,412 

0,379 

0.6  . 

0,465 

0,465 

0.8 

0,545 

0,537 

KEY:  (1)  Width  of  annular  clearance. 


Thus, 


(4) 


The  reduction  in  the  exponent  n  with  quantity  pw  and  an- 
increase  in  the  width  of  the  clearance  6  apparently  occurs  due  to 
the  decrease  in  the  turbulence  of  the  liquid  flow  and  its  trans¬ 
verse  pulsations  in  the  annular  channel  with  a  decrease  in  its 
width. 

Figure  3  present's  the  function  qu_  ■  f  (6 )  with  pw  *  idem. 

The  value  of  the  critical  thermal  load  increases  with  an  increase 
in  the  width  of  the  annular  clearance  from  0.2  to  0.8  mm,  while 
the  partial  function  q  ■  f(fi)»  in  the  studied  range  of  clearance 

Kp 

width  variation,  can  be  represented  in  the  form: 

ft,-**.  (5) 

where  m  varies  from  0.5  to  1  and,  on  the  average,  can  be  assumed 
equal  to  0.7.  However,  as  mentioned  above,  the  value  of  the 
clearance  also  enters  into  the  exponent  when  pw.  Therefore,  in 
the  empirical  formula  which  takes  into  account  the  joint  effect 
of  6  and  pw,  the  exponent  with  6  will  not  be  equal  to  the  ex¬ 
ponent  defined  earlier,  obtained  on  the  assumption  that  pw  •  const, 
although  the  final  result  of  calculation  will  reflect  the  effect 
of  6  in  the  degree  of  0.7. 

It  is  apparent  that  with  a  subsequent  increase  in  the  width 
of  the  clearance  above  0.8  mm  the  value  of  critical  thermal  load 
will  tend  toward  a  certain  constant. 

In  the  studied  range  of  variation  in  the  determining 
parameters  a  decrease  in  critical  thermal  load  was  observed  with 
an  increase  in  the  length  of  the  heat-releasing  part  of  the  tost 
elements.  In  the  first  approximation,  we  can  assume  that  the 
quantity  qHp,  all  things  being  equal,  is  inversely  proportional 
to  the  length.  In  this  work  the  length  of  the  heat-releasing  part 
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of  the  test  element  virtually  agreed  with  the  geometric  length  of 
the  channel  from  liquid  input  to  the  spot  where  the  heat  exchange 
crisis  occurred. 


* 


As  a  result  of  clarifying  the  degree  of  the  effect  of 
separate  parameters,  the  empirical  relationship  for  water  heated 
to  boiling  point  is  obtained: 


9  if  — 


(6) 


Formula  (6),  as  is  apparent  from  Fig.  k,  generalizes  83*  of 
all  the  series  of  tests  with  a  deviation  of  ±25*.  As  a  result  of 
the  research  conducted,  we  make  the  following  conclusions. 
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Pig.  Processing  of  experimental  data  according  to 
equation  (6), 


1.  The  effect  of  critical  thermal  loads  is  virtually  inde¬ 
pendent  of  the  underheating  of  liquid  to  saturation  enthalpy  at 

p 

mass  velocities  of  pw  ■  50-200  kg/m  *s.  With  an  increase  in  pw 
2 

to  ^ 00  kg/m  *s  the  value  of  q  grows  with  an  increase  in  under- 

HP 

heating. 


2.  With  a  rise  in  mass  velocity,  critical  thermal  loads 
grow;  however,  in  the  near-critical  region  their  growth  is 
insignificant. 


3.  In  the  studied  range  of  variation  in  the  length  of  the 
heat-releasing  part  and  the  width  of  the  annular  clearance, 
critical  thermal  loads  rise  with  an  increase  in  the  width  of  the 
clearance  and  fall  with  an  increase  in  the  length  of  the  heat¬ 
releasing  part. 


p 

4.  In  the  pressure  range  from  2.5  to  21.6  MN/m  ,  q„„ 

2  KP 

achieves  its  maximum  values  when  p  ■  15  MN/m  . 


5.  For  practical  calculations  we  can  use  equation  (6)  which 
is  valid  for  the  range  of  determining  parameters  indicated  in  the 
work. 
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RECOMMENDATION  CN  CRITICAL  THERMAL 
LOADS  IN  CYLINDRICAL  PIPES 


V.  Ye.  Doroshchuk  and 
F.  P.  Lantsman 

Abbreviations 

rp  ■  boundary 
Kp  ■  critical 

At  the  present  time,  extensive  experimental  material  on  heat 
exchange  crises  is  available  both  in  our  country  and  abroad.  To 
desigr  •'tomic  reactors  with  water  under  pressure  andt  particularly, 
the  boiling  type,  it  is  necessary  to  know  the  values  of  critical 
thermal  loads  qKp,  i.e.,  specific  thermal  fluxes,  at  which  the 
nuclear  regime  of  liquid  boiling  changes  to  the  film  regime.  As 
a  rule,  the  surface  temperature  of  the  fuel  elements  rises 
catastrophically  and  the  reactor  enters  an  emergency  state. 
Unfortunately,  test  data  from  various  authors  on  critical  thermal 
loads  agree  poorly;  the  spread  reaches  tens  and  hundreds  of  per 
cents.  Naturally,  this  causes  great  difficulty  in  designing 
reactors. 

There  is  an  urgent  need  to  analyze  the  published  experimental 
material  on  this  question  and,  based  on  such  an  analysis,  set  up 
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a  table  of  the  most  reliable  values  for  q  .  Such  a  table,  which 

Hp 

we  shall  call  a  ''skeleton, "  can  serve  the  direct  needs  of  planners 
and  can  furnish  a  basis  for  determining  the  dependence  of  qHp  on 
the  regime  parameters  of  the  heat  carrier  during  the  processing 
of  design  equations. 

To  simplify  the  problem,  we  have  limited  ourselves  to  an 
examination  of  critical  thermal  loads  only  in  circular  pipes,  for 
which  the  greatest  amount  of  experimental  data  has  been  published. 
Circular  channels  are  used  in  several  types  of  reactors. 

It  was  decided  to  set  up  a  table  based  on  a  channel  diameter 
of  8  mm  and  the  following  values  for  the  regime  parameters: 

• 

-  pressure  p  ■  49,  69*  98,  137 »  167»  196  barlj 

-  mass  velocity  pw  ■  750,  1000,  2000,  2500,  3000,  4000, 

5000  kg/m2*s; 

-  underheating  of  water  below  boiling  6  ■  0,  10,  25,  50,  75°C; 

-  vapor  content  per  unit  weight  x  »  0.1,  0.2,  0.3,  . ..,  x°  , 

o  rP 

where  xj_p  is  the  boundary  vapor  content  at  which  the 

boundary  layer  water  film  dries  [19]. 

In  examining  the  experimental  data  of  various  authors,  we 
started  with  the  following  assumptions. 

1.  The  material  and  roughness  of  the  heating  surface,  the 
position  of  the  experimental  section  in  space,  the  direction  of 
flow  of  the  heat  carrier,  and  the  frequency  of  crisis  in  the 
same  section  have  no  effect  on  the  value  of  critical  thermal  load 
[5,  6]. 

2.  Low-frequency  pulsations  in  flow  rate  and  pressure,  which 
are  characteristic  to  certain  diagrams  of  experimental 


*50,  70,  100,  140,  170,  200  atm  (abs.). 

'* ' 
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installations,  can  have  a  considerable  effect  on  qu_  [5>  6,  73 • 

np 

Critical  thermal  loads  in  the  presence  of  flow  pulsations  are 
reduced  by  several  factors.  The  necessary  conditions  for  the 
occurrence  of  pulsations  are  the  following:  the  presence  of  an 
easily  compressible  volume  (usually  a  vapor-water  mixture)  in 
front  of  the  experimental  section,  the  existence  of  an 
"economizer’'  zone  in  the  experimental  section  itself,  and  the 
presence  of  a  certain  minimal  thermal  load  which  ensures  the 
formation  of  a  certain  amount  of  steam  at  the  end  of  the  heated 
pipe  (including  and  because  of  the  surface  boiling  of  water). 

3.  The  channel  diameter  affects  critical  thermal  loads;  in 
narrower  pipes  they  have  high  values.  To  recalculate  qKp  from 
one  type  diameter  to  another  within  the  range  d  *  2-13  mm,  we  use 
the  following  formulas: 
for  underheated  water 

=  con*t;  (1) 

for  vapor-water  mixture 

faph^ijut  *■  7kp  “  7*  ( *"*  *)  •  (2) 


These  formulas  are  borrowed  from  references  [8,  9].  The 
coefficient  qQ  for  various  pressures  has  the  following  values: 


p,  bar 

V10‘6' 

49 

8.20 

78 

7.58 

98 

7.29 

137 

6.71 

167 

6.28 

4.  When  i/d  >  15  the  length  of  the  heated  section  of  the 
experimental  pipe  does  not  affect  the  value  of  qKp  [5»  11*  31] • 
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5.  The  concept  of  "critical  thermal  load,"  related  to  the 

so  called  heat  exchange  crisis  of  the  first  type  (a  crisis  caused 

by  the  transition  of  nucleate  boiling  to  film  boiling),  has 

significance  only  as  long  as  the  heating  surface  is  washed  by 

water,  including  a  water  film  with  an  annular  structure  of  the 

vapor-water  flow.  As  soon  as  the  vapor  content  in  the  heated  pipe 

reaches  a  certain  boundary  value  x^p>  the  water  film  dries  and  at 

this  moment  a  heat  exchange  crisis  of  the  second  type  occurs. 

Thus,  the  upper  boundary  of  vapor  content,  at  which  we  can  discuss 

q,  is  x®  .  Table  1  presents  the  values  of  x®  [1]. 
h  p  rp  rp 

Table  1.  _  _ _ 


x‘}f  with  p  in  bar 


49 

69 

<•3 

137  _ 

_  167 _ 

_ 196 _ 

730 

0,86 

0,78 

0,64 

U,;V< 

11.39 

0,26 

1000 

0,75 

0,68 

0,58 

0,44 

0,37 

0,‘„'2 

1500 

0,01 

0,56 

0,'7 

0,36 

0,27 

0,19 

2000 

0,53 

0,48 

0,11 

0.31 

0.24 

0,16 

2500 

0,53 

0.48 

0,41 

0,31 

0.24 

0,15 

3000—5000 

0,52 

0,48 

0,10 

0,30 

0,23 

0,15  - 

DESIGNATIONS: 

h*/m2« 

CBH  3 

p 

kg/m 

S 

The  experimental  data  on  q  published  in  [1-6,  9-52]  were 

H  p 

examined  and  processed.  Not  all  of  the  data  could  be  used  in 
setting  up  the  "skeleton"  tables,  for  example: 

a)  test  data  obtained  at  2  >  d  >  13  nun  since,  in  these  cai'or. , 
there  are  no  recommendations  for  converting  the  critical  therrim 
loads  on  a  pipe  with  an  8  mm  diameter; 

b)  experimental  stage  in  which  q  was  measured  in  pulaat'o*. 

KP 

regimes  [6,  36,  37,  40,  41,  49]; 

c)  measurements  of  specific  thermal  loads  made  at  x  >  x^p, 
i.e.,  in  the  area  of  heat  exchange  crisis  of  the  second  type 
[10,  11,  17,  20,  49,  51]; 


d)  studies  of  P.  I.  Povarnin  and  S.  T.  Semenov  [42,  4yj  maae 
on  very  thin  pipes  d  <  1 . 5—3  mm  and  generally  with  under!', eatings 
that  were  too  great  0  <  75°C; 

e)  studies  of  A.  P.  Ornatskiy  and  A.  M.  Kichigin  [44-47], 
which  are  characterized  by  a  very  large  spread  in  experimental 
points  with  underheatings  of  water  to  50°C;  moreover,  these  tests 
were  made  on  very  narrow  pipes; 

f)  references  [21,  Table  3>  7,  133  containing  a  limited 
number  of  experimental  points  with  a  large  spread. 

When  there  was  no  description  of  the  experimental  methodology, 
we  were  more  critical  of  the  test  data  and  after  analysis  did  not 
use  some  of  them. 

To  set  up  tables  of  critical  thermal  loads  we  processed  the 
experimental  data  of  various  authors  in  order  to  obtain  q  for 
the  skeleton  values  of  p,  pw,  8,  x.  For  this  purpose,  coi'respoi. !  •  ri  - 
graphs  were  plotted.  Interpolation  was  performed  only  if  there 
was  complete  confidence  in  its  regularity. 

The  experimental  data  thus  processed  are  presented  in  summary 
table  2.  In  analyzing  this  table,  it  was  decided  not  to  use  the 
bold  faced  numbers  in  Table  2  for  further  processing  of  the  value 
of  q  .  They  include  the  following: 

a)  Buchberg’s  test  data  [15],  obtained  at  0  =  O-XO^C,  with 
considerable  inert  gas  content;  as  noted  in  [34,  39]  at  8  +  c  an 
abundant  liberation  of  gas  bubbles  occurs  in  the  flow  of  water; 
this  leads  to  unstable  flow  state  and,  as  a  consequence,  to  a 
noticeable  reduction  in  qHp; 

fc)  Becker's  test  data  [13];  this  author  did  not  obtain  the 
dependence  of  critical  thermal  loading  on  flow  velocity,  whi::,. 
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naturally,  causes  a  certain  lack  of  confidence  in  his  experimental 
material ; 

c)  our  own  test  data  at  x  >  0.  The  critical  thermal  loads 
which  we  measured  in  the  flow  of  a  vapor-water  mixture  were 
somewhat  greater  than  those  measured  by  other  authors  (Table  2). 
Apparently  this  is  explained  by  the  severe  throttling  of  the 
working  medium  at  input  to  the  experimental  section  (tens  and 
hundreds  of  kilograms  per  square  centimeter),  which  ensures  the 
high  hydrodynamic  stability  of  the  flow  and,  as  a  consequence, 
leads  to  higher  values  for  q  [25,  26,  53>  5*0.  In  addition,  we 

H  p 

performed  tests  on  comparatively  thick-walled  pipes  (6  »  2  mm), 
which,  when  they  are  heated  by  ac  current,  could  also  lead  to 
higher  values  for  q  (as  compared  with  thinner  pipes)[26], 

Kp 

We  can  assume  that  the  processed  recommendations  on  critical 
thermal  loads,  for  these  reasons,  will  contain  some  allowance 
with  respect  to  q  „ 

Hp 

When  we  dropped  the  values  Indicated  by  bold  faced  figures, 
we  were  able  to  obtain  averaged  values  of  q  (Table  3).  Based 

Kp 

on  these  and  the  corresponding  graphs,  the  final  (leveled  off) 
values  of  q  were  obtained  (Table  4).  They  are  also  the  final 
recommendations.  After  analyzing  the  deviations  in  the  test 
data  of  various  authors  from  these  recommendations,  we  were  able 
to  evaluate  the  accuracy  of  the  proposed  values  for  quo  within 

Hp 

±1055. 


* 
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Table  2 


Table  2  (Continued) 


( 

1 

P 


I 


! 


0 


% 


0 


Table  2  (Continued) 


4«», 


p  ■  137  Cap 


5,70 

4.70 

5,76 

4,30 

3,85 

5,07 

5,81 

4,65 

6,13 

5,13 

6,40 

5,12 

4,37 

6,16 

4,72 

7,04 

5,92 

7,85 

5,82 

5,11 

6,71 

9,01 

6,63 

6,92 

5,77 

5,23  4,13  I  3,26 


»*C 


50  25  I  10 


2,  *6  2,30  1,79  1,69  1,34  0,76 

2,67  2,32  1,98  1,69 

2,79  2,30  2,09  1,92  1,74  1,56  1,40 


Table  2  (Continued) 


.iMtCpj- 

T.vpa 

|  p ..  167  Hap 

|  4‘C 

1  _ _ * 

Kl  M”HK 

75 

50 

25 

10 

0 

0,1 

0,2 

|  0.3  |  .0.4 

27—32 

3,49 

3,33 

2,52 

1,95 

1.76 

1.41 

0,90 

| 

1000 

12 

3,66 

2,91 

2,73 

2,27 

1,80 

{ 

14,  26 

3,49 

3,14 

2,67 

2,48 

2,21 

2,03 

! 

1,74 

1,56 

1.22 

27-32 

4,33 

3,84 

3,07 

2,26 

1,83 

1,57 

1,08 

1500 

12 

4,42 

3,49 

3,26 

2,73 

2,09 

10,  11 

1.78 

1,23 

14,  26 

4,19 

3,72 

3,14 

2,85 

2,56 

2,19 

1,92 

1,58 

1,28 

27-32 

4,29 

3,55 

2,63 

1,94 

1,70 

1.19 

2000 

12 

5,12 

4,07 

3,72 

3,02 

2,32 

10,  11 

1,9) 

1.84 

14,  26 

4,28 

3,51 

3,14 

2,77 

2,32 

1,98 

2,09 

27-32 

4,76 

3,98 

2,91 

2,08 

1,92 

1,28 

2500 

12 

10,  11 

5,82 

4.65 

4,07 

3,31 

2,67 

1,96 

• 

14,  26 

5.63 

4,88 

3,81 

3,33 

2,77 

2,2! 

* 

27-32 

5727 

4,41 

3,49 

2,24 

1,94 

1,40 

SIESB 

12 

6.51 

5,29 

4,42 

3,66 

2,91 

14.  26 

6,63 

5,49 

4,07 

3,33 

2,56 

1.74 

4000 

27-32 

mg 

6,09 

5,08 

4.19 

2,73 

2,49 

1.66 

12 

6,75 

5,12 

4,30 

3,49 

HS|| 

27-32 

■ 

2,62 

12 

8,26 

5,99 

• 

PW. 

KtW-ttK 

.iHtept- 

rvp* 

P 

*• 196  Sap 

8*C  I 

X 

75  1 

•  1 

50 

'25  | 

10 

•  0 

0.1 

0.2 

27-32 

1.95 

1.47 

1.29 

1.02 

750 

12 

1,45 

1.40 

1,34 

1,34 

i«,  26 

2,09 

1.92 

1,72 

1,57 

1,43 

. ! 

27-32 

2,32 

2,28 

1,73 

1.41 

1.05 

12 

2,21 

1,80 

1,51 

1,45  . 

1.40 

14,  26 

2,42 

2,22 

2,02 

1,80 

1.63 
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Table  2  (Continued) 


yx,  J:H  pa- 

k!,m--cik  jypa  |  7_ 


27-32 

1300  12 


27-32  4,04 

2000  12  2,91 

14,  26  .1,26 


27-32  4,43 

2300  12  3,26 

14,  26  3,60 


27-32 

3000  12 


p  - 106  flap 


30 

25 

2,79 

2,20 

2,27 

1,86 

•>,67 

2,32 

3,26 

2,56 

2.50 

2,09 

2,93 

2,56 

3,63 

2,87 

2,85 

2,44 

3,29 

2,79 

4,05 

3,14 

3,14 

2,67 

3,58 

2,96 

0.1  |  0.2 


Table  3  (Continued) 


k:  M'  •  ««** 

r 

7 

■  :  9« 

Cap 

b'C. 

X 

•  75 

50 

10 

0 

0.1 

0,2 

0.3 

0.4 

0,5  (0.6 

0,7 

750 

6.01 

5,'U 

5,12 

4,90 

4.52 

3,69 

3.29 

2,78 

2.47 

2,00 

1,63 

0.81 

1000 

6.51 

5.95 

5,60 

4,**' 

4,43 

3.60 

3.02 

2,41 

2,00 

1,35 

1500 

7  ,.33 

5,51 

8,63 

5.02 

1,45 

3.35 

2,59 

1,85 

1,29 

2000 

7,68 

6,52 

5.09 

5,08 

4.59 

3,21 

2,70 

1,80 

1,03 

2500 

8,12 

6,95 

5,55 

5,18 

4,29 

2,69 

1,93 

1,22 

3000 

8,58 

7, .VI 

6,07 

5,63 

4  23 

2,50 

1.63 

1,03 

•KOO 

9.51 

8,72 

6,63 

5,70 

4.58 

2,47 

1,50 

0,80 

5000 

9,65 

7,12 

5,95 

4,82 

2,15 

f*\ 

KZ  Ml'CeK 

p  — 137  Cap 

8'C  | 

1  x 

1  75  | 

50 

25 

10 

0  1 

i  <U  ; 

!  °.2 1 

|  0,3  |  0.4 

0,5 

750 

4,05 

3,61 

3,27 

2,85 

2.47 

2,12 

i.fio 

1,49 

1.05 

0,69 

1000 

4 .15 

4,15 

3,42 

2,93 

2.54 

2,05 

1,52 

1.19 

0,87 

1500 

5.23 

4.64 

3,52 

3.14 

2,67 

1.97 

1,37 

0,95 

2000 

5,98 

5.11 

4.12 

3.64 

2,82 

1,86 

1,15 

25C0 

6,63 

5,76 

4,51 

3,99 

2,95 

2,37 

1,37 

3000 

7,33 

6,23 

4,81 

4,12 

2.97 

1,71 

1,14 

4000 

9,48 

7,44  1 

5.62  j 

4,79  ] 

3,61 

2,22 

1,34 

5000  | 

1 

7,51  i 

6,08 

4,75 

1 

3,73 

1 

p  - 167  Cap 


750 

3,02 

2,78 

2,36 

•2,02 

1,69 

1 ,34 

0,76 

1000 

3,55 

3,13 

2,61 

2,24 

1 ,78 

1.41 

0,90 

1500 

■1.29. 

3,66 

3,14 

2  62 

2,14 

1,67 

1,18 

2000 

5.03 

4.21 

3,59 

2.93 

2,28 

1.79 

1.26 

2500 

5,72 

4.73 

3,95 

3,12 

2,51 

1,94 

1.28 

3000 

6,67 

5,35 

4,30 

3,49 

2,57 

1.94 

1,39 

4000 

6.42 

5,09 

4,24 

3.12 

2,49 

l.W 

5000 

n,26 

5,99 

2.62 

p  -- 196  Cap 

/ 

750 

2,09 

1,78 

1.54 

1.39 

>.27 

1000 

2,31 

2.10 

1.76 

1,56 

1,36 

1500 

2.94 

2.57 

2.11 

1,80 

1,52 

1,26 

0,93 

2005 

3,  ■'3" 

2,89 

2.4! 

2,02 

1,66 

1,35 

1,05 

^.11 

3,27 

2.;o 

2,23 

1,78 

1.45 

1,10 

3NX) 

4,10 

\59 

2,'i3 

2.44 

1,88 

1.54 

1,23 

_ 

4000 

4.77 

3,00 

2,67 

1.95 

1.72  * 

1,42 

5000 

» 
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Table  k 


p  =  49  Cap 


750  9.11  8,5! 

1000.  9,39  8,81 


2500  10,00 
3000  10,20 
4000  10,70 
5000  . 


'  0 _ 0, 


0,1  ]'  0,2  |  0,3  \  0,4  I  0,5 


7,65  7,60 

7,82  7,55 

7,62  7,40 

7,80  7,23  5,34  3,83 

7,64  7.06  5,11  3,60 

7,45  6,94  '  4,76  3,36 

7,16  6,60 

6,95  6,30  * 


750  8.23 
1030  8,34 
1500  8,60 
2030  8,78 
2500  9,00 
3030  9,19 
4000  9,63 
5000 


p-69  Cap 

6,64  6,31  5,23  4.41  3,83  3,37  3.02 

6.59  6,20  4,94  4,23  3,68  3,11  2,73 

6.60  5,91  4,50  3,72  2,90  2,62 

6,39  5,67  4,14  3,25  2,56  2,09 

6,26  5,50  3,81  2,90  2,32 

6,08  5,34  3,53  2.73  2,09 

5,80  4,99  3,25  2,32  1,63 

6,39  5,23 


98  Cap 

6,31  5,69  4,91  4,65  4,41  3,84  3,31  2,84  2,46  2,00 

6.54  5,94  5,07  4,82  4,47  3,68  3,07  2,44  1,92  1,35 

7.06  6,40  5,35  4.93  4,53  3,56  2,73  1.85  1,29 

7,60  6,55  5,57  4,99  4,56  3,06  2,21  1.51  1,03 

8,10  6,94  5,84  5.05  4,30  2,84  1,93  1.26 

8.55  7,43  6,18  5,10  4,30  2,0  1,63  1,11 

9,52  8,44  6,64  5,56  4,57  2  «  1,61  0,60 

9,63  7,08  5,94  4.83  2,15 


P  « 137  Cap 

4,01  3,61  3,14  2,79  2,44  2,21  1,90  1,44  1,04  0,7 

4,45  3,86  3,36  2,92  2,51  2,03  1,65  1,23  0,87 

5,21  4.46  3,76  3,13  2.67  1,96  1,39  0,95 

5.98  t'Io  4.13  3.44  2,84  2,W  1,28  0,54 

6,74  5,t>9  4,51  3,67  3,00  2,09  1,21 

7,50  6,27  4,87  3,94  3,18  2.11  1,21 

9,40  7,42  5,69  4,45  3,49  2,21  1,28 

7,50  6,15  5,11  3,73 


Table  4  (Continued) 


Kl  M'"(CK 

/- _ 1 67 

Gap 

• 

0  C 

I 

X 

75 

(  50 

!  -5 

io 

1  o 

j  0,1 

I  0.2 

0,3 

0.4 

0.5 

750 

3,20 

-',77 

2,34 

2.02 

1,09 

1,33 

0,76 

1000 

13,54 

3,13 

2,56 

2.15 

1.60 

1,41 

0,90 

1500 

4,25 

3,72 

3,02 

2.52 

2,03 

1,67 

1,00 

2000 

5,02 

4,27 

3,45 

2.S2 

2,29 

1,79 

1.13 

2600 

;  5,71 

‘*,83 

3,84 

3,07 

2,48 

1,94 

1,25 

3000 

6.45 

5.45 

4,29 

3,48 

2,74 

2,03 

1,39 

4000 

6,60 

•5,08 

4.25 

3,25 

2,36 

1,67 

5000 

7,85 

.  ’  1 

5,90  ] 

*.  '  i 

4,87 

3,76 

2,61 

. 

p  = 195  Gap 

750 

2,09 

1,78 

1,58 

1,39 

1.27 

1000 

2,32 

2,10) 

1,75 

1,55 

1,36 

1,25 

0,93 

1500 

2, 68 

2.56 

2,02 

1,80 

1,52 

1,35 

1,04 

2000 

3.37 

2,68 

2,32 

2,02 

1,66 

1,45 

•  1,10 

2500 

3,81 

3,38 

.2,70 

2,23 

1,77 

1,53 

1,23 

3000 

4,15 

3,59 

2,92 

2,44 

1,83 

1.72 

1,42 

4000 

7,75; 

3,60 

2,67 

1,95 

, 

5000 

DESIGNATION 

:  h« 

/i-t^ •  ceK  - 

p 

.kg/m  *s;  i 

6ap  = 

:  bar 

• 
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A  MODEL  OF  THE  BOILING  CRISIS 
DURING  FORCED  MOTION  OF  A 
TWO-PHASE  FLOW  IN  PIPES  WITH 
HIGH  OUTPUT  VAPOR  CONTENTS 


L.  S.  Kokorev,  V.  I.  Petrovichev, 
and  A.  N.  Borzyak 

Experimental  research  in  many  laboratories  [1-5]  has  shown 
that  with  an  increase  in  vapor  content  critical  thermal  fluxes 
decrease,  while  the  effect  of  mass  velocity  and  pressure  is 
expressed  weakly  with  low  mass  velocities  wp  (up  to  500  kg/m  *s). 
Models  of  the  heat  transfer  crisis  at  high  x  [6,  7]  are  rather 
contradictory.  Generalizing  equations  based  on  these  models  do 
not  make  ic  possible  to  describe  the  heat  transfer  crisis  during 
boiling  in  pipes  in  a  wide  range  of  variation  for  the  regime 
characteristics.  At  the  present  time  there  is  a  limited  quantity 
of  experimental  data  on  the  heat  removal  crisis  with  high  vapor 
contents  in  the  region  of  low  pressures  and  low  mass  velocities 
and  calculated  relationships  for  critical  thermal  fluxes  in  pipes 
are  not  available. 

In  developing  power  installations  for  space  equipment  one  of 
the  main  problems  is  the  heat  transfer  and  condensation  in 
variable  gravitational  fields  and  under  conditions  of  weightless¬ 
ness.  The  mechanism  of  the  gravitational  field  effect  on  the 
heat  transfer  crisis  of  a  two-phase  flow  in  pipes  has  been 
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studied  very  little.  Therefore,  the  creation  of  a  model  of  the 
heat  transfer  crisis  during  forced  motion  of  two-phase  fluxes  in 
pipes  with  high  vapor  contents  is  of  great  interest. 


A  CALCULATION  MODEL  FOR  THE  HEAT 
TRANSFER  CRISIS  DURING  FORCED 
MOTION  IN  CHANNELS  OF  A  TWO-PHASED 
FLOW  WITH  HIGH  VAPOR  CONTENTS 


The  basic  regime  for  a  two-phase  flow  in  channels  with  rather 
high  per- volume  vapor  contents  is  an  annular  regime.  In  this  case, 
the  liquid  flows  along  the  walls  of  the  channel  in  the  form  of  a 
thin  film,  and  in  the  core  of  the  flow  steam  moves,  with  a  certain 
amount  of  moisture  in  the  form  of  fine  droplets.  We  can  assume 
that  critical  thermal  flows  are  determined  mainly  by  the  properties 
of  the  flow  of  the  liquid  film.  In  the  case  of  film  disruption 
and  the  appearance  of  dry  spots  on  any  section  of  the  heat¬ 
releasing  surface,  heat  exchange  in  this  section  is  sharply  im¬ 
paired  and  overheating  of  the  wall  can  exceed  the  permissible 
value  during  sufficiently  high  thermal  fluxes. 


Let  us  examine  first  the  state  of  a  thin  film  of  liquid  on 
an  unlimited  horizontal  surface  (Fig.  la).  Let  small  harmonic 
disturbances  with  wavelengths  A  be  imposed  on  the  film  (amplitude 
of  disturbances  A  i3  small  as  compared  with  wavelengths  A).  The 
propagation  rate  of  these  disturbances  can! be  found  from  the 
equation  for  capillary  and  gravitational  waves  in  an  ideal  liquid 
[9]  : 


(1) 


Here  a  is  the  propagation  rate  of  surface  waves  and  a  liquid 
film;  8  =  is  the  wave  number;  .6  is  the  average  liquid  film 
thickness;  c  Is  surface  tension;  p’  is  liquid  density;  p"  is 
steam  (or  gas)  density  over  the  film;  g  is  the  gravitational 
acceleration  along  the  normal  to  the  film.  The  first  and  second 
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terms  in  equation  (1)  are  the  squares  of  the  velocities  of  the 
capillary  and  gravitational  waves,  respectively,  in  the  thin 
liq-id  film.  The  film  is  assumed  thin  if  the  following  condition 
is  fulfilled: 


Fig.  1.  Liquid  film: 

a  -  On  a  flat  surface;  b  -  In  a  circular 

pipe. 

The  liquid  flow  rate  in  the  film  can  not  exceed  the  propa¬ 
gation  rate  of  the  surface  wave: 

«*<«•  (2) 

Let  us  examine  here  the  state  of  the  annular  liquid  film  in 
a  circular  pipe  (Fig.  lb).  Let  wave  disturbances,  parallel  to 
the  axis  of  the  pipe,  be  applied  to  the  film.  In  this  case, 
standing  waves  exist,  with  which  the  Integral  of  wavelengths  must 
be  confined  to  the  length  of  the  pipe  perimeter. 


illtmnd. 


(3) 


On  the  surface  of  the  pipe  a  uniformly  distributed  thermal 
flux  qF  is  given.  The  rate  of  decrease  in  wall  thickness  due  to 
evaporation  is 


u 


<*> 


1*5 


where  r  is  the  heat  of  vaporization.  The  condition  for  the  onset 
of  the  heat  exchange  crisis  can  be  formulated  in  the  following 
manner:  if  the  rate  of  decrease  in  film  thickness  from  evaporation 
Ug  on  any  section  of  the  surface  exceeds  the  rate  of  liquid 
boundary  displacement,  caused  by  the  effect  of  capillary  and 
surface  waves  u^,  then  local  drying  of  the  surface  is  possible  on 
the  given  section  of  the  surface  and,  consequently,  the  onset  of 
the  heat  exchange  crisis.  Mathematically,  this  condition  can  be 
expressed  in  the  form: 

u^u^a.  (5) 

Using  equations  (1),  (2),  and  (4),  from  equation  (5)  we  obtain 


«> 


Hence  it  follows  that  the  liquid  film  is  most  unstable  to 
long-wave  disturbances  (minimum  values  of  8).  From  equation  (3) 
the  greatest  wavelength  corresponds  to  n  »  1, 

lmr.d,  (7) 

Then  equation  (6)  is  trans foiled  to: 

vr  ~~  V  -  V)5 "  HT  ( 8 ) 

For  the  annular  flow  regime  relative  film  thickness  can  be  con¬ 
nected  with  true  vapor  content  per  unit  volume 


„  *(#-»)• 
7# - i 


hence 


for 


Here  R  »  ~  is  the  inner  radius  of  the  pipe.  True  vapor  content 
per  unit  volume  t  is  a  function  of  pressure,  vapor  content  per 

unit  weight,  and  phase  slippage: 


jt  y"  nr 
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where  tc  ■  u"/u'  is  the  ratio  of  vapor  and  liquid  phase  velocities. 
Substituting  equations  (9)  and  (10)  into  (8),  we  obtain 


r-i  /£-*(•-£)'= 

~K)  '~r-y'Y  77 +e{i 


(ID 


where  K  is  the  coefficient  of  proportionality.  In  a  vertical 
channel  in  the  absence  of  a  gravitational  field  directed  toward 
the  channel  walls,  the  gravitational  term  in  equation  (11)  can  be 
disregarded  as  compared  with  the  capillary  term.  The  equation 
for  critical  thermal  flux  assumes  the  form: 


(12) 


where  the  coefficient  of  proportionality  Includes  the  slippage 
factor  k. 


Figure  2  illustrates  the  experimental  results  for  critical 
thermal  fluxes  during  the  rectilinear  motion  of  water  in  a  vertical 
pipe  8  mm  in  diameter  [1].  Tests  were  made  at  pressure  p  ■  1.75 

O 

atm  (abs.),  mass  velocity  wp  variation  from  20  to  500  kg/cm  *s, 
and  relative  pipe  length  1/d  from  25  to  150.  Most  of  the  ex¬ 
perimental  results  are  well  described  by  the  unique  function  of 
vapor  content  per  unit  weight  x  and  do  not  depend  upon  mass 
velocity  Wp  and  relative  length  1/d  in  the  studied  region.  The 
dependence  of  qKp  on  x  when  x  ■  0. 6-1.0  is  described  satisfactorily 
by 


Consequently,  the  coefficient  in  equation  (12),  in  the 
first  approximation,  is  a  constant  value.  From  comparison  with 
tests  in  [1],  K1  •  0.275  is  obtained.  Thus,  equation  (12)  can  be 
written  in  the  form: 

7«,-0,275r  Y?  (13) 
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Pig.  2.  Critical  thermal  flux 
during  the  rectilinear  motion  of 
water  in  a  circular  pipe  d  »  8 


mm: 

0  -  1/d  «  25; 
A  -  1/d  •  50; 
+  -  l/d  •  100 
t  -  i/d  -  150 


w  «  20-500 

kgf/m2*s; 
p  ■  1.75  atm 
(aba.);  H,0. 


4> 


« 


The  dependence  of  q  on  pipe  diameter  q  *  1//3T  la  confirmed 

Hp  Hp 

by  the  majority  of  the  experimental  worka  available  [3,  4,  10,  11]. 

THE  HEAT  TRANSFER  CRISIS  IN  THE 
TWISTED  FLOW  OF  A  HEAT  CARRIER 
WITH  LARGE  VAPOR  CONTENTS 

In  the  twlated  flow  of  a  heat  carrier,  an  artificial  gravi- 
tional  field  directed  along  the 'normal  to  the  pipe  wall  is  created. 

With  a  sufficiently  high  aooeleration  of  the  force  of  gravity 
in  a  twlated  flow,  we  can  disregard  the  capillary  term  in  equation 
(11)  aa  compared  with  the  gravitational  term.  Then  the  equation 
for  critical  thermal  fluxes  in  a  gravitational  field  is  written 
in  the  form: 

1st »  — ijjr).  ( 14 ) 

here  g  ia  the  gravitational  aooeleration  along  the  normal  to  the 
pipe  wall: 

(15) 

where  w^  is  the  rotational  component  of  velocity  during  the 
forward  motion  of  the  flow. 

If  we  use  strips  which  are  twlated  lengthwise  with  step  S 
(the  distance  in  which  the  atrip  turns  360°)  for  twisting  the 
flow,  expression  (15)  can  be  written: 
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(16) 


where  w_  is  the  longitudinal  component  of  velocity,  and  ig« 

In  the  case  of  a  twisted  flow  with  a  large  vapor  content,  we  have 


Substituting  (17)  into  (14),  we  obtain 


(17) 

(18) 


Figure  3  presents  the  experimental  results  for  critical 
thermal  fluxes  during  the  twisted  motion  of  water  in  a  pipe  0  8 
mm,  SH/d  ■  4;  p  -  1.75  atm  (abs.)  [1].  As  seen  from  Fig.  3,  the 
experimental  results  oonfirm  the  calculated  dependence;  the 
constant  K1  In  equation  (18),  according  to  tests  in  [1],  is 
4.6*10“1*. 


Fig.  3*  Critloal  thermal  flux  versus 
mass  velocity  in  twisted  flow  when 
S/d  ■  4;  p  ■  1.75  atm  (abs.). 

la 


On  the  basis  of  a  comparison  between  the  calculated  dependence 
and  experimental  data  [1],  we  oan  conolude  that  in  the  region 

p 

wp  >  100  kg/m  >s  twisted  flow  is  more  effective  than  rectilinear. 

If  for  rectilinear  flow  the  growth  in  vapor  productivity  were 
limited  by  comparatively  low  critical  flows,  then  higher  vapor 
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productivity  could  be  obtained  in  the  twisted  flow  by  increasing 
the  thermal  flux  and,  accordingly,  mass  velocity. 

Conclusions 

1.  A  physical  model  of  the  crisis  at  large  vapor  contents 
per  volume  has  been  created,  on  the  basis  of  which  a  generalized 
theory  for  the  heat  transfer  crisis  during  the  forced  motion  of 
two-phase  flows  has  been  developed. 

2.  The  dependence  of  critical  thermal  fluxes  on  the  value 
of  the  artificial  gravitational  field  in  twisted  flow  in  pipes 
has  been  obtained. 

3.  Experimental  studies  are  being  performed  at  the  present 
time  to  mere  precisely  define  the  calculated  relationships  for 
the  heat  exchange  crisis  in  two-phase  twisted  flows. 
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AN  EXPERIMENTAL  STUDY  OF  CRITICAL 
LOADS  IN  STEAM-GENERATING  CHANNELS 
IN  THE  VICINITY  OF  BENDS 

0.  K.  Smirnov  and  V.  S.  Polonskiy 

Abbreviations 

rp  ■  load 
a  ■  upper 
h  ■  lower 

In  evaluating  the  operational  reliability  of  steam-generating 
pipes  in  the  precrisis  region,  it  beoomes  particularly  important 
to  take  into  account  the  effect  of  local  phenomena  which  impair 
heat  exchange.  The  solution  of  this  problem  has  been  the  task  of 
a  number  of  experimental  works  on  the  temperature  regime  of  colled 
heating  surfaces,  widely  used  in  contemporary  steam  generators. 

Chief  attention  has  been  given  to  the  study  of  conditions 

under  which  the  boiling  crisis  arises  in  bent  elements.  Unlike 

these  works,  the  boundary  of  developed  boiling  in  the  straight 

sections  of  pipe  adjoining  the  bend  was  studied  on  a  MEI  [Moscow 

Power  Engineering  Institute]  stand.  The  first  test  results  with 

o 

a  mass  velocity  for  the  flow  of  1100  kg/m  • s  indicated  a  noticeable 
reduction  in  critical  thermal  loads  on  the  section  before  the 
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2 

bend  [1].  Then  additional  tests  were  made  on  w^  «  700  kg/m  *s, 
the  results  of  which  will  be  discussed  in  this  article. 

The  experimental  stand  is  a  single-loop  direct-flow  steam 
generator  [2].  All  of  the  steam-water  channel  is  made  of  lKhl8N9T 
stainless  pipes.  The  heated  part  of  the  steam  generator  is  divided 
into  three  sections:  an  economizer ,  an  evaporative  section,  and 
an  experimental  section,  with  Independent  heating  of  each  of  them. 
Heating  is  accomplished  by  sending  directly  through  the  pipes  low 
voltage  Industrial- frequency  current.  Current-conducting  contacts 
were  sliding  contaots,  because  of  which  it  was  easy  to  change  the 
lengths  of  the  working  section  on  the  experimental  coil.  The  use 
of  a  flexible  cable  for  the  feed  made  it  possible  for  the  ex¬ 
perimental  pipe  to  freely  expand. 

As  the  experimental  section  we  used  a  three-path  loop  of  pipe 
0  10  x  2  mm,  made  from  lKhl8N9T  steel.  The  loop  was  arranged  in 
the  vertical  plane.  Both  bends  had  relative  radius  R/d  »  4.  The 
bends  were  made  by  cold  bending;  therefore,  the  wall  thickness  cn 
the  Internal  and  external  generatrices  of  the  bend  was  different. 

Due  to  this,  with  the  chosen  method  of  heating,  the  thermal  load 
along  the  cross  section  of  the  bend  was  nonuniform.  Based  on 
evaluation,  the  thermal  flux  on  the  Internal  generatrix  (compressed) 
can  exceed  that  on  the  external  generatrix  (extended)  by  a  factor 
of  1. 5-2.0.  However,  we  can  expect  that  at  a  relative  distance 
from  the  bend  of  1/ d  »  15  and  more,  where  the  measurements  were 
made,  the  nonuniformity  of  heating  is  not  apparent. 

The  wor/ing  part  was  a  pipe  with  length  l  «  600  mm  and  a  bend 
at  the  end.  By  alternation  of  the  current-carrying  contacts  the 
position  of  the  working  section  on  the  experimental  coil  was 
changed.  We  could  study  the  effect  of  the  bend  on  the  adjacent 
straight  sections  with  different  directions  of  motion  for  the 
mediutc  in  them.  In  tests  with  an  upper  location  for  the  bend, 
in  the  previous  section  there  was  a  rising  motion,  while  in  the 


section  following  the  bend  there  was  a  descending  motion.  With  a 
lower  location  for  the  bend,  the  direction  of  motion  in  the 
straight  sections  changes  to  the  reverse. 

At  input  to  the  economizer  section,  a  regenerative  preheater, 
using  the  heat  of  the  steam-water  mixture  used  in  the  stand,  is 
installed.  The  regenerator  was  connected  in  the  test  with  low 
thermal  loads  on  the  experimental  section  at  high  mass  velocities 
for  the  flow. 

The  water  supply  was  fed  by  five  ND-60  plunger  pumps.  To  the 
pressurized  collector  of  the  pumps  a  damper  is  connected  with  a 
useful  volume  of  8  l,  3/4  filled  with  nitrogen.  At  economizer 
input  a  throttle  valve  is  installed.  The  flow  rate  of  the  water 
supply  through  the  stand  was  regulated  by  a  partial  bypass  of  the 
heated  channel.  The  flow  rate  of  the  heat  carrier  was  checked  by 
resistance  readings  on  the  measuring  diBk  installed  behind  the 
economizer  section.  Pressure  drop  was  measured  with  a  DM-6  gauge 
in  a  set  with  an  EPID-08.  In  addition,  the  flow  rate  was  systemat¬ 
ically  checked  by  the  volume  method.  The  pressure  of  the  medium 
in  the  experimental  seotion  was  maintained  at  a  given  level  by  a 
valve  at  the  output  of  the  stand. 

Temperature  was  measured  with  a  chromel-alumel  thermocouple 
0.5  mm  in  diameter.  The  hot  junctions  of  the  thermocouples  were 
welded  to  the  external  surface  of  the  pipe  with  a  step  of  25-50  mm; 
thermoelectrode  wires  were  branched  along  the  isothermal  surface. 
The  temperature  of  the  working  medium  was  measured  by  a  thermo¬ 
couple  introduced  into  the  flow  without  sleeves  through  a  teflon 
seal.  For  measuring  and  recording  the  emf  of  the  thermocouples, 
we  used  PP  potentiometers  and  EPP-09  electronic  potentiometers; 
the  latter  were  equipped  with  a  special  filter  for  reducing 
induction. 

The  pressure  at  various  points  of  the  channel  was  checked 
with  sample  manometers,  class  0.35  with  a  scale  at  250  atm  (tech.). 
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The  electrical  load  was  measured  with  voltmeters  and  ammeters, 
class  0.35  and  0.5.  The  thermal  load  and  the  boundary  vapor  content 
were  calculated  with  allowance  for  thermal  losses  to  the  ambient 
medium.  Thermal  content  at  output  from  the  economizer  section  was 
checked  with  a  manometer  and  a  thermocouple  which  was  specially 
calibrated  after  installation. 

Tests  were  made  in  the  following  manner.  The  experimental 
section  was  brought  to  a  given  energy  level  with  fixed  values  for 
pressure,  mass  velocity,  and  thermal  load.  Then  enthalpy  at  input 
to  the  working  section  was  increased  in  small  stages  (because  of 
the  increase  in  heat  supply  on  the  previous  section)  during  the 
continuous  check  of  working  section  wall  temperature.  A  transition 
to  film  regime  was  determined  according  to  the  elevation  in  wall 
temperature. 

The  experimental  data  were  obtained  at  pressure  p  ■  140  atm 
(abs.)  in  the  following  range  of  parameters:  mass  velocity  wv  ■ 

P  ^  2  * 

700-1100  kg/m  -s,  thermal  flux  q  ■  120-600 -l(r  kcal/m  -h,  boundary 
vapor  content  0.15-0.9*  relative  distanoe  from  bend  1/ d  *  15—95 • 

Tests  were  made  on  experimental  sections  with  upper  and  lower 
locations  of  bend. 

4 

Figure  1  illustrates  the  dependence  of  the  boundary  vapor 
content  on  thermal  flux  at  different  distances  from  the  lower 

p 

bend  during  mass  velocity  w^  «  700  kg/m  -s. 

Relationships  xpp  ■  x(q)  for  the  section  in  front  of  the 
bend  are  located  below  the  relationships  corresponding  to  the 
section  behind  the  bend.  Experimental  data  at  large  relative 
distances  from  the  bend  (see  Fig.  1*  5)  are  described  by  the  same 
relationship  regardless  of  the  position  of  the  working  section 
with  respect  to  the  bend.  The  indicated  line  divides  test  results 
obtained  in  sections  before  the  bend  and  behind  it  and  satisfactorily 
descrioes  the  experimental  material  obtained  on  straight  pipes  L2-*»]. 


Fig.  1.  Boundary  vapor  content  versus 
thermal  flux  in  tests  with  mass  velocity 

p 

wY  ■  700  kg/m  *s.  Relative  distances  Z/d 
from  bend: 

1  -  15;  2  -  45  (behind  bend);  3  -  *5;  - 

15  (in  front  of  bend);  5-90  (straight 
pipe). 


The  effect  of  the  relative  distance  form  the  bend  on  the 
deviation  of  critical  thermal  load  is  shown  in  Fig.  2.  The  value 
of  the  deviation  in  thermal  flux  with  arbitrary  Z/d  from  critical 
thermal  flux  with  Z/d  *  90  is  greater  the  lower  the  level  of 
boundary  vapor  content. 

The  effect  of  a  bend,  observed  in  the  test,  on  conditions  for 
the  occurrence  of  boiling  crisis  in  the  adjacent  parts  can 
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Fig.  2.  Increase  in  thermal  flux  versus 
relative  distanoe  from  lower  bend: 


when  w^ 

2  -  xrp 
when  w 

6  "  Xrp 


700  kg/m  *s: 

0.85;  H  -  x 
o 

11  kg/m  *8: 

0.5. 


1  -  *rp  ■  0.7; 

rp  °-6>  5  '  xrp  ■ 
3  -  xrp  -  0.6; 


0.4; 


obviously  be  explained  in  the  following  manner.  With  respect  to 
the  previous  section,  the  bend  acts  as  additional  resistance,  re¬ 
tarding  the  motion  of  the  steam.  The  portion  of  the  section 
occupied  by  steam  Increases.  This  reduces  the  amount  of  liquid  in 
the  film  and  hampers  mass  exchange  between  the  core  of  the  flow 
and  the  boundary  layer,  which  finally  reduces  the  value  of  critical 
thermal  load.  In  the  section  behind  the  bend  the  motion  of  the 
steam  is  accelerated,  which  is  accompanied  by  a  decrease  in  the 
portion  of  the  section  occupied  by  the  steam  and  an  increase  in 
the  thickness  of  the  boundary  layer.  The  cross  circulation  currents 
which  occur  in  the  bend  continue  to  exist  for  a  certain  distance 
from  the  bend,  intensifying  mass  exchange  between  the  core  of  the 
flow  and  the  liquid  film.  This  leads  to  the  fact  that  the  value 
of  the  critical  thermal  flux  increases.  Consequently,  in  design 
calculations  of  coil  steam-generating  heating  surfaces  It  is 
r«'es3ary  to  introduce  a  correction  factor  which  takes  into  account 
the  reduction  in  critical  thermal  flux  in  the  section  in  front  of 
the  bend.  The  principal  experiments  were  made  with  a  lower 


« 


f 
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location  for  the  bend;  a  smaller  number  of  tests  were  made  with 
an  upper  location  for  the  bend.  The  change  in  bend  position  is 
accompanied,  as  mentioned  above,  by  a  change  in  the  direction  of 
medium  motion  in  the  adjacent  section. 

Thus,  a  comparison  of  the  results  of  these  two  series  of  tests 
enables  us  to  judge  the  effect  of  a  bend  on  the  condition  for  the 
occurrence  of  boiling  crisis  with  different  directions  of  motion 
for  the  heat  carrier. 

Only  one  bend  design,  with  a  comparatively  small  relative 
radius,  was  studied  in  the  tests.  Under  such  conditions,  we  can 
expect  that  disturbances  induced  by  the  bend  differ  little  in  the 
upper  and  lower  positions.  Actually,  centrifugal  forces  exceed 
the  force  of  gravity  many  times  and,  obviously,  generally  determine 
the  character  of  the  bend  effect  on  adjacent  sections. 

Figure  3  presents  a  comparison  of  boundary  vapor  contents 
obtained  with  upper  and  lower  bend  positions.  The  comparison  is 
made  in  cross  sections  with  the  same  relative  distance  from  the 

2 

bend  at  two  mass  velocities  for  the  flow  w^  ■  700  and  1100  kg/m  *s. 
As  is  apparent  from  the  figure,  deviations  in  boundary  vapor 
content  from  the  bisector  do  not  have  a  systematic  character  and 
do  not  exceed  ±15$  (except  for  three  points). 


Fig.  3»  Comparison  of  ex¬ 
perimental  data  in  tests  with 
upper  and  lower  locations  of 
bend: 

2 

A  -  w  ■  110  kg/m  *s; 

»  2 
□  -  w  ■  700  kg/m  *s. 
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Thus  we  can  assume  that  the  effect  of  a  bend  does  not  depend 
upon  the  direction  of  heat  carrier  motion  in  the  adjacent  straight 
sections  of  a  heat- generating  pipe. 
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THE  MECHANISM  OF  AMALGAM  BOILING 

I .  Z .  Kopp 

Designations 

6  -  contaot  angle; 
a  -  coefficient  of  surface  tension; 

-  coefficient  of  friction; 
u  -  chemical  potential 
AS  -  change  in  area; 

At  -  change  in  free  energy; 
p  -  density; 

r  -  heat  of  phase  transition. 

Subscripts 

r  -  gas  phase; 
m  -  liquid  phase; 
t  -  solid  phase; 
ns  -  melting; 

Hen  -  evaporation. 

The  possibility  of  intensifying  heat  exchange  with  the  boiling 
of  mercury  is  of  considerable  interest.  Among  other  methods  of 
heat  transfer  intensification  is  %he  physicochemical  method,  the 
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essence  of  which  lies  in  the  addition  of  amalgamating  substances 
to  mercury.  The  application  of  boiling  amalgams  is  one  of  the 
present  problems  in  the  development  of  certain  designs  of  liquid- 
metal  installations  [1], 

Reference  f 2 3  gives  the  results  of  studies  on  heat  transfer 
during  the  boiling  of  potassium  amalgams  with  forced  convection  In 
circular  vertical  pipes,  diameter  9.5  mm,  wall  thickness  of 
approximately  0.72  mm.  The  data  obtained  in  [2],  just  as  the 
results  of  other  studies  on  the  boiling  of  amalgams,  do  not  agree 
with  contemporary  ideas  on  heat  transfer  during  boiling  since  the 
characteristics  can  not  be  related  to  either  nucleate  or  film 
boiling.  For  this  reason  it  was  considered  advisable  to  examine 
the  mechanism  of  amalgam  boiling. 

As  indicated  in  [3],  the  addition  of  an  insignificant  amount 
of  potassium  or  sodium  leads  to  a  change  in  the  character  of  the 
physicochemical  interaction  between  the  melt  and  the  steel  heat 
exchange  surface  and  to  a  sharp  change  in  the  character  of  melt 
boiling.  If  during  the  boiling  of  pure  mercury  the  heat  transfer 

p 

factor  falls  within  the  range  200-500  kcal/m  *h*°C,  then  during  the 

boiling  of  amalgams  under  the  same  conditions  it  will  reach  2000 
2 

kcal/m  .h*°C  and  more. 

M.  I.  Korneyev  studied  the  boiling  of  magnesium  amalgam 
where  the  heat  transfer  factors  in  similar  conditions  reached 
5000-7000  kcal/m2*h.°C. 

According  to  the  conclusion  of  the  authors  of  reference  [31, 
the  intensification  of  heat  transfer  to  boiling  mercury  with  the 
addition  of  amalgamating  substances  is  achieved  in  three  ways: 

a)  from  a  reduction  in  the  surface  tension  of  the  amalgams  as 
compared  with  mercury; 


b)  from  the  disruption  of  the  oxide  film  on  the  heat  exchange 
surface  and  the  creation  of  a  direct  contact  between  the  mercury 
and  the  wall; 

c)  the  joint  effect  of  both  factors. 

However ,  an  analysis  of  the  accumulated  research  material  [2, 

5  and  others]  and  the  conditions  for  the  generation  of  vapor  phase 
[16]  gives  no  Indication  that  these  factors  can  explain  the  sharp 
improvement  in  heat  exchange  during  the  boiling  of  amalgams  when 
compared  with  similar  processes  during  the  boiling  of  mercury.  It 
is  established  by  the  cited  study  on  heat  transfer  during  the  boiling 
of  magnesium  amalgam  [4,  5]  that  the  heat  transfer  factor  has  high 
values  during  both  the  boiling  of  sodium  and  potassium  amalgams  in 
tests  by  A.  N.  Lozhkin  and  I.  0.  Xzrayelit  [3].  However,  the 
surface  tension  of  magnesium  amalgam  scarcely  differs  from  the 
surface  tension  of  pure  mercury,  which  is  apparent  from  Pig.  1,  and, 
according  to  some  studies,  is  even  somewhat  greater  than  that  of 
pure  mercury  [6].  Then  from  the  assumptions  discussed  in  [3]  con¬ 
cerning  the  mechanism  of  heat  transfer  intensification  during 
amalgam  boiling  there  remains  one  moment  which  provides  the 
probability  of  oxide  film  disruption  on  the  heat  exchange  surface. 
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This  argument  can  explain  some  observation  results.  Visual 
observations  of  steel  surfaces  in  contact  with  amalgams  and  at 
room  temperatures  do  not  reveal  any  removal  of  the  oxide  film  from 
the  surface. 

Observations  show  that  amalgams  moisten  well  both  pure  and 
oxided  surfaces  which  pure  mercury  does  not  moisten.  A  substan¬ 
tiation  of  this  can  be  the  example  of  wetting  by  amalgams  of  both 
metal  samples  and  pure  glass  vessels,  which  can  not  be  wetted  by 
mercury.  Although  in  [8]  the  authors  discussed  the  concept  that 
part  of  the  magnesium,  during  its  introduction  into  the  mercury, 
is  expended  on  reducing  the  oxides  present  on  the  heat  exchange 
surfaces,  no  direct  or  indirect  proof  has  been  obtained  concerning 
the  absence  of  an  oxide  film  on  the  surface. 

M.  I.  Korneyev  attempted  to  explain  the  improvement  in  the 
wettability  of  the  heat  exchange  surface  by  amalgams  as  not  due  to 
the  change  in  the  surface  tension  of  the  magnesium  amalgam  on  the 
boundary  with  its  own  vapor,  but  due  to  the  change  in  surface 
tension  on  the  boundary  with  the  wall,  i.e.,  in  examining  the 
relationship  for  the  contact  angle 

cose»Is^!sL-J£  (1) 

•mi  **r 

the  determining  factors  are  am  and  orT> 

It  is  assumed  that  the  action  of  the  surface-active  substance, 
which  Is  the  amalgam  with  respect  to  the  mercury,  affects  not  only 
the  quantity  o  but  also  the  quantities  a  and  o  .  Therefore, 
a  decrease  in  free  energy  in  the  isothermal  process  of  droplet 
spread,  described  b.y  expression  (2),  will  be  of  considerable 
significance: 

-•»  —  (*£ t  “  *«)  j  ) 

However  no  qualitative  relationships,  at  the  present  time, 
can  be  obtained  and  thi*  is  the  basis  for  assuming  that  their 
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effect  is  quite  small.  The  foundation- for  this  premise  can  be  the 
examination  of  the  surface  tension  of  metal  on  the  boundary  with 
its  own  melt,  made  in  references  [9,  10],  where  it  was  shown  that 
it  is  interrelated  with  the  surface  tension  of  the  melt  by  re¬ 
lationship 


3 


V* 


(3) 


It  is  obvious  that  if  the  additions  of  amalgamating  substances 
are  fractions  of  a  per  cent,  the  density  ratio  is  virtually  un¬ 
changed,  while  the  ratio  of  the  transition  heats  in  all  cases  refers 
only  to  the  liquid  metal.  Thus  this  assumption  does  not  explain 
the  characteristics  of  amalgam  boiling. 

At  the  same  time  it  is  possible  to  make  certain  assumptions 
concerning  the  mechanism  of  the  physicochemioal  method  of  in¬ 
tensifying  heat  exchange  during  mercury  boiling,  i.e.,  concerning 
the  boiling  of  amalgams,  in  connection  with  the  analysis  of  the 
behavior  of  an  amalgam  film  on  meroury  as  a  surface-active  sub¬ 
stance  and  the  mechanism  of  boiling  [16].  It  is  known  [11]  that 
a  layer  of  surface-active  substance  is  continuous  and  rapidly 
extends  over  the  entire  surface.  Since  only  the  surface  layer  of 
amalgam  can  be  in  contact  with  the  heating  surface,  in  the  process 
of  vapor  formation  there  can  occur  thermal  disintegration  of  the 
amalgam,  the  mercury  component  of  which  turns  into  vapor.  However, 
the  amalgamating  metal  immediately  comes  in  contact  with  the  next 
portion  of  the  mercury  and  again  forms  a  surface-active  substance, 
approaching  the  surface  of  the  melt  volume.  The  breakdowns  of 
continuity  in  the  surface  layer  of  amalgams,  due  to  thermal  dis¬ 
integration  during  boiling,  are  rapidly  eliminated  because  of  the 
spread  of  the  surface-active  layer  of  amalgam.  Based  on  data 
presented  by  V.  Q.  Levich  [11],  the  film  spread  rate  grows  as  it 
approaches  the  source  of  the  surface-active  substance,  tending 
toward  infinity. 
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The  vapor  forming  in  the  process  of  evaporation  during  be  .ling, 
in  spite  of  the  presence  of  a  surface  layer  of  amalgam,  contains 
virtually  no  impurities.  Analysis  of  the  condensate  of  mercury 
vapor  on  the  magnesium  content,  performed  by  L.  I.  Gel'man,  in  a 
study  on  the  boiling  of  magnesium  amalgam,  has  shown  that  with  a 
magnesium  concentration  of  0. 11^-0. 1^2)t  in  a  boiler,  its  concen¬ 
tration  in  the  condensate  of  mercury  vapor  was  0. 00016-0. 00031*  [7]. 
This  value  is  less  by  a  factor  of  ten  than  the  minimum  concentration 
of  magnesium  in  mercury  capable  of  leading  to  heat  exchange  in¬ 
tensification  during  mercury  boiling  (approximately  0.005O.  In 
the  installation  in  which  tests  were  made  and  samples  were  taken 
for  measuring  magnesium  concentration,  there  were  no  separation 
devices  and,  consequently,  under  normal  conditions,  the  magnesium 
content  in  steam  must  be  even  less  than  that  presented  in  [7],  i.e., 
near  zero. 

Based  on  the  results  of  motion  picture  studies  [12],  the  reason 
for  the  worsening  heat  exchange  during  mercury  boiling  on  a  con¬ 
taminated  surface  lies  in  the  propagation  of  the  steam  bubble  along 
the  heating  surface  and  the  creation  of  a  layer  of  mercury  vapor 
between  the  surface  and  the  mercury  (the  vapor  bubble  can  not 
overcome  the  surface  tension  of  the  mercury,  penetrate  into  the 
mercury  volume,  and  collapse).  The  steam  bubble  grows  because  of 
the  evaporation  of  mercury  not  from  the  surface  but  from  the 
volume  of  the  mercury.  However,  in  the  presence  of  a  surface-active 
layer,  heat  transfer  to  the  mercury  volume  can  occur  only  through 
this  layer.  Consequently,  in  the  boiling  of  amalgams,  in  all  cases, 
the  generation  and  growth  of  a  steam  bubble  occur  not  on  the  heat 
exchange  surface  itself  but  in  the  volume  of  the  mercury,  limited 
by  the  surface-active  layer  of  amalgam. 

The  latter  circumstance  agrees  with  the  theoretical  conclusion 
that  the  surface-active  layer  contributes  to  a  severe  attenuation 
of  wave  motion  on  the  surface  of  the  liquid  [11]  and,  with  a 
sufficiently  high  elasticity  for  the  surface  layer  film,  behaves 
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as  an  incompressible  solid  plate.  Judging  from  the  test  data, 
concentrations  of  amalgamating  substances  In  mercury  can  be  very 
low  and  can  vary  over  a  wide  range.  For  example,  in  [3]  with  a 
change  in  potassium  concentration  from  0.0293  to  0.0049$  by  a 
factor  of  six  or  with  a  change  in  sodium  concentration  from  0.0505$ 
by  several  factors,  the  heat  transfer  factor  remained  virtually 
unchanged.  In  tests  [4,  5]  using  a  magnesium  amalgam,  the  beginning 
concentration  varied  from  0.01  to  0.04$,  which  also  had  no  notice¬ 
able  effect  on  heat  transfer  (Fig.  2).  Moreover,  in  the  tests 
described  in  [3]»  in  one  of  the  installations  used  for  studying 
heat  transfer  during  the  boiling  of  a  potassium  amalgam,  the  boiling 
of  pure  mercury  was  studied.  In  spite  of  the  fact  that,  in  this 
case,  the  concentration  of  amalgam  could  be  minimum,  in  the  first 
test  period  heat  transfer  to  the  boiling  metal  was  high,  on  the 
level  of  heat  transfer  during  the  boiling  of  amalgams. 


of./V't  ko»l/»  «h-°C 


Mm 


49  49  Ui.  ’J 


Fig.  2.  Heat  transfer  to  magnesium  amalgam 
at  various  magnesium  concentrations  C 5 3 • 


With  a  high  percentage  content  of  surface-active  substance- 
amalgam,  the  boiling  of  mercury  will  occur,  in  all  cases,  on  the 
melted  metal-additive  layer.  As  shown  in  reference  [13] »  the 
overall  form  of  heat  transfer  regularity  during  the  boiling  of 
liquid  on  the  surface  of  melted  metal  does  not  differ  from  the 
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form  of  the  similar  regularity  during  boiling  on  a  solid  wall. 
However,  in  all  cases,  for  the  upper  temperature  of  the  calculated 
temperature  head  we  should  take  the  temperature  of  the  surface  on 
which  boiling  occurs.  Taking  this  into  account,  the  data  in 
reference  [2]  can  be  interpreted  in  accordance  with  the  known 
regularities  of  heat  transfer  during  boiling. 

Analysis  of  the  actual  function  of  the  variation  in  thermo¬ 
dynamic  potential  [14]  shows  that  its  maximum  occurs  not  on  the 
surface  but  at  some  distance  from  it,  i.e.,  in  the  mass  of  the 
boiling  metal.  Hence  the  possibility  of  such  cases  when  conditions 
for  the  generation  of  steam  bubbles  are  more  favorable  at  some 
depth  from  the  wa21  in  the  boiling  metal.  At  the  same  time,  in  all 
cases,  near  the  surface  conditions  are  created  for  local  sharp 
increases  in  impurity  concentration,  i.e.,  the  probability 
increases  for  the  fluctuation  of  concentrations  and,  consequently, 
considerably  improves  the  probability  of  the  formation  of  vapor 
phase  nuclei.  The  additional  substantiation  of  the  validity  of 
this  mechanism  can  be  the  examination  of  critical  thermal  loads, 
whose  values  for  amalgams  are  substantially  lower  than  for  mercury, 
and  also  the  new  data  on  heat  transfer  during  nucleate  boiling  of 
mercury  [17]. 
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EXPERIMENTAL  STUDIES  ON  THE  EFFECT 
OF  DUCT  MATERIAL  ON  THE  HEAT 
TRANSFER  OF  BOILING  MERCURY 


i L .  I.  German!  and  I.  Z.  Kopp 


Abbreviations 


ct  -  steel; 
sac  -  nucleus; 

Hac  -  saturation; 
non  -  test; 

n  -  surface  [?]. 

In  earlier  research  on  heat  transfer  during  mercury  boiling, 
a  summary  of  which  is  presented  in  references  [1,  2,  3»  4],  the 
film  regiir.tr  of  boiling  was  observed  and  possible  ways  were 
discussed  for  intensifying  heat  transfer  of  boiling  mercury  due 
to  the  transition  to  nucleate  boiling.  In  connection  with  the 
established  possibility  of  heat  transfer  intensification  due  to 
tne  achievement  of  moistening  by  pure  mercury  of  a  heating  surface 
made  from  low-carbon  steel  and  the  achievement  of  high  specific 
thermal  fluxes  [5,  6],  as  well  as  the  observed  effect  of  surface 
material  on  heat  exchange  during  the  boiling  of  water  and  organic 
liquids  [7],  the  problem  was  posed  to  determine  the  effect  of 
surface  material  on  heat  transfer  during  the  boiling  of  mercury. 
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Studies  were  made  on  an  experimental  installation,  a  brief 
description  of  which  is  presented  in  [3],  with  high-frequency 
Induction  heating  by  the  successive  substitution  of  experimental 
sections  made  of  various  materials. 

Along  with  the  study  of  heat  transfer,  a  check  was  made  of  the 
material  of  the  heat-transferring  surfaces,  for  the  wettability  of 
the  surfaces  by  mercury  and  the  content  of  impurities  in  the 
mercury.  Analyses  were  made  of  the  chemical  composition  of  the 
experimental  installation's  materials  both  before  tests  and  after 
them,  as  well  as  a  layer-by-layer  microspectral  analysis  of  the 
materials  of  all  sections. 

Section  No.  1  made  from  pipe  of  low-carbon  steel,  diameter 
16  mm,  wall  thickness  6  mm.  Before  the  tests  on  mercury,  long 
tests  on  water  were  made  and  the  loop  was  cleansed.  The  initial 
chemical  composition  of  the  material  was  characterized  by  the 
following  indicators:  carbon  -  0.22#,  silicon  -  0.20)1,  manganese  - 
0 . 39% ,  chromium  -  O.l1*#,  nickel  -  0.18#,  sulfur  -  0.021#, 
phosphorus  -  0.02^#.  After  the  tests  were  finished,  the  section 
was  examined  and  analyzed.  The  inner  surface  was  uniformly 
moistened  with  mercury  along  the  height  of  the  duct. 

With  immersion  into  cold  mercury  in  the  open  air,  the  mercury 
wetted  the  inner  surface  (concave  meniscus)  and  its  form  did  not 
change  immediately  after  contact  with  the  mercury  ceased.  After 
two  or  three  days,  at  separate  points  on  the  wetted  surface  breaks 
in  the  continuous  mercury  film  appeared.  The  breaks  were  rapidly 
coated  with  oxides  and  increased  in  size.  After  five  or  six  days, 
almost  all  the  surface  of  the  duct  was  covered  with  oxides  and 
only  at  certain  points  were  there  drops  of  mercury. 

From  the  middle  of  the  duct  two  cylinders  were  cut.  One  of 
tne  cylinders  was  ground  from  the  ends  and  used  for  micrcspectral 
analysis  in  various  cross  sections  along  the  wall  thickness.  The 
second  cylinder  was  used  for  layer-by-layer  chemical  analysis  in 
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three  different  sections,  the  results  of  which  are  presented  Jn 
Tab  1 e  1 . 1 


Table  1.  Results  of  layer-by-layer  chemical  analysis  of  the 
material  of  Section  No.  1. 


Analysis 

No. 

Elements 

Determined 

Layers 

C 

Si 

Mn 

Cr 

Ti 

Outer  (from  0  26.5  mm  to 

0  24.5  mm) . 

1 

0.30 

0.22 

0.5 

0.11 

None 

Middle  (from  0  24  mm  to 

0  22  mm) . 

2 

0.23 

0.21 

0.5 

0.12 

None 

Inner  (from  0  21  mm  to 
Internal  diameter. ........ 

3 

0.23 

0.22 

0.5 

0.12 

None 

Microspectral  analysis  was  conducted  at  four  points  along  the 
wall  thickness  for  determining  two  impurities  only:  manganese 
and  silicon  (Table  2). 


Table  2.  Results  of  analyses  on  determining  impurities  in 
Section  No.  1. 


Analysis 

Method 

State  of 
Material 

Layers 

Elements 

Determined 

Mn 

Si 

Chemical 

Initial 

After  .tests 
(average) 

: 

0.39 

0.5 

0.20 

0.22 

Micro- 

After 

Inner 

Middle 

0.47 

0.69 

0.23 

0.33 

spectral 

tests 

(2  measure¬ 
ments  ) 

Outer 

0.87 

0.48 

lMetallographic  studies  were  made  by  G.  Z.  Khislavskiy. 
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Section  No.  2  was  made  of  new  low-carbon  steel  pipe  with  a 
pure  inner  surface,  wall  thickness  3.1  mm.  Unlike  section  No.  1 
before  installation  in  the  loop,  section  No.  2  did  not  make  contact 
with  the  water  or  other  media.  After  filling  the  loop  with  mercury, 
seven  days  passed  before  the  heating  of  the  experimental  section. 
During  this  period  mercury  temperature  did  not  exceed  boiling 
temperature.  Only  three  times  was  the  mercury  heated  briefly  to  a 
temperature  of  approximately  200°C  for  checking  and  calibrating  the 
measuring  equipment.  The  rest  of  the  time  the  mercury  temperature 
did  not  exceed  the  temperature  in  the  laboratory  (below  20°C). 

The  results  of  chemical  analysis  on  the  material  of  section 
No.  2  after  tests  are  presented  in  Table  3* 


Table  3.  Results  of  chemical  analysis  on  the  material  of 
Section  2  after  tests. 


Analysis 

No. 

Elements 

Determined 

Layers 

C 

Si 

Mn 

Cr 

Ti 

Outer  (from  0  22  mm  to 

0  20  mm) . 

4 

0.19 

0.11 

0.45 

None 

None 

Middle  (from  0  20  mm  to 

0  18  mm . 

5 

0.17 

0.11 

0.43 

None 

None 

Inner  (from  0  18  mm  to 
interior  diameter . 

6 

0.15 

0.10 

0.43 

None 

None 

Here  it  is  more  evident,  but  as  for  section  No.  1,  a  decrease 
in  carbon  content  is  observed  in  the  surface  layer. 

The  layer-by-layer  microspectral  analysis  of  samples  from 
section  No.  2  for  the  content  of  manganese,  silicon,  chromium,  and 
nickel  is  shown  in  Table  4. 


Table  4.  The  result  of  layer-by-layer  micro-' 
spectral  analysis  of  samples  from  section  No.  2. 


Layers 

Elements  Determined 

Mn 

Si 

I 

Cr 

Ni 

Inner . 

0.64 

0.15 

Traces 

Traces 

Middle . 

0.37 

0.20 

If 

II 

Middle . 

0.39 

0.07 

If 

If 

Outer . 

0.20 

0.03 

If 

ft 

In  all  sections  of  the  pipe  of  section  No.  2  complete  wetting 
of  the  surface  by  mercury  in  a  cold  state  was  observed. 

Section  No.  3  was  made  from  a  Khl8N10T  steel  rod,  diameter 
28  mm.  The  rod  was  bored  out  in  the  centers  to  0  25  mm  and  then 
melted  with  electrodes  of  low-carbon  steel  to  a  diameter  of 
approximately  50  mm.  After  boring  to  a  clean  and  smooth  surface, 
the  rod  was  drilled  0  18  mm  and  bored  out  in  the  centers  to  an 
outer  diameter  of  29.2  mm.  Such  a  procedure  for  preparing  the 
experimental  section  was  adopted  for  the  purpose  of  ensuring  contact 
of  the  mercury  with  the  surface  of  the  given  material  (Khl8N10T 
steel)  and  the  possibility  for  induction  heating  of  the  experi¬ 
mental  section. 

However,  chemical  analysis  of  the  material  showed  that  in  the 
preparation  of  the  section,  apparently,  there  occurred  a  melting  of 
the  stainless  steel  near  the  melting  zone  and  a  displacement  of  the 
material,  i.e.,  the  surface  on  which  mercury  boiling  occurred  was 
substantially  different  than  prescribed  (Table  5). 


Table  5.  Results  of  chemical  analysis  on  Section  No.  3. 


Layers 

Analysis 

1  Elements  c 

etermJ 

Lned 

No. 

C 

Si 

Mn 

Cr 

Ti 

Outer . 

7 

0.12 

0.36 

1.07 

0.76 

None 

Inner. . . . 

8 

0.12 

0.53 

1.14 

6.83 

0.038 
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The  mierospectral  analysis  of  material  in  section  No.  3  had 
similar  results. 

For  this  reason  the  test  data  for  section  No.  3  was  not  pro¬ 
cessed  and  section  No.  4  was  prepared  to  test  heat  transfer  during 
the  boiling  of  mercury  in  a  stainless  steel  pipe.  To  prepare 
section  No.  4  a  new  pipe  of  Khl8N10T  steel  was  used,  with  an  inner 
diameter  of  13. 4  mm  and  wall  thickness  of  2.8  mm.  With  continuous 

I 

cooling  of  the  pipe,  a  layer  of  low-carbon  steel  was  melted  on  its 
surface,  after  which  the  surface  of  the  pipe  was  bored  out  to  a 
diameter  of  29  mm.  Before  the  tests  on  mercury  boiling  adjustment 
operations  were  performed  on  this  section  with  respect  to  heat 
exchange  during  the  boiling  of  water. 

Before  filling  the  loop  with  mercury  the  external  form  of  the 
inner  surface  of  section  No.  4  did  not  differ  from  the  ordinary 
surface  for  Khl8N10T  steel. 

After  filling  the  loop  with  mercury  and  starting  the  high- 
frequency  heating  device  of  the  experimental  section,  the  process 
of  heat  transfer  to  the  boiling  mercury  occurred  as  in  the  first 
period  of  mercury  boiling  in  section  No.  1:  wall  temperature 
exceeded  mercury  saturation  temperature  by  30Q-400°C  and  sharp 
oscillations  in  mercury  flow  rate  and  pressure  occurred  in  the 
loop.  Such  instability  of  process,  indicating  the  presence  of  the 
film  regime  of  mercury  boiling,  continued  for  90  hours  of  con¬ 
tinuous  mercury  boiling. 

After  this  period,  local  reductions  in  the  temperature  head 
»  could  be  observed  at  separate  points,  and  after  60  more  hours  a 

reduction  in  the  temperature  head  (wall-flow  temperature)  was 
fixed  along  the  entire  length  of  the  experimental  part  and  it  was 
•  possible  to  increase  power  input.  From  this  period  the  study  of 

heat  transfer  to  boiling  mercury  in  section  No.  4  was  made. 
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It  Is  obvious  that  the  overall  picture  of  the  heat  transfer 
intensification  process  during  the  boiling  of  mercury  on  a  surface 
of  stainless  steel  does  not  differ  relatively  from  the  similar 
process  of  heat  transfer  intensification  from  thermomercury  pro¬ 
cessing  of  low-carbon  steel  [6].  This  agrees  with  the  assumptions 
made  by  the  earlier  discussed  authors  concerning  the  principal 
possibility  of  achieving  nucleate  boiling  of  mercury  on  the  surface 
of  various  metals  by  long  purification  from  products  of  corrosion, 
adsorption  and  chemisorption,  which  prevent  wettability  by  mercury. 
The  result  obtained  indicates  the  possibility  of  ensuring  the 
wettability  of  stainless  steel  by  pure  mercury  with  a  safe  distance 
of  the  contaminating  impurities  from  the  surface,  as  with  low- 
carbon  steel. 

To  check  the  stability  of  the  result  obtained,  tests  on  section 
No.  4  were  interrupted  for  two  months,  after  which  a  new  series  of 
tests  were  made.  During  these  tests  the  nucleate  regime  of  boiling 
was  observed. 

After  dismounting  section  No.  4  the  material  was  used  for 
chemical  and  microspectral  analyses. 

The  chemical  analysis  was  made  layer  by  layer  and  resulted  In 
the  data  presented  in  Table  6. 


Table  6.  Results  of  the  chemical  analysis  of  material  from 
Section  No.  4. 


Layers 

Analysis 

Elements  Determined 

No. 

C 

Si 

Mn 

Cr 

Mi 

Ti 

Outer  (melt) . 

Middle  (from  0  16  mm 

9 

0.05 

0.29 

0.62 

0.41 

0.38 

None 

to  0  14  mm) . 

Imer  (from  14  mm 

10 

0.08 

0.34 

0.63 

1.12 

0.77 

None 

to  internal  diameter 

11 

0.11 

0.53 

1.09 

18.0 

9.8 

None 
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Spectral  analysis  was  performed  in  ten  sections  throughout  the 
thickness  of  the  section  wall.  The  results  of  spectral  analysis 
for  determining  the  five  elements  are  presented  in  Table  7. 


Table  7.  Results  of  the  spectral  analysis  of  material  from 
Section  No.  4. 


Location  of  Spectra 

Elements  Determined 

Mn  , 

Si 

Cr 

Ni 

Ti 

Inner  layer . 

0.48 

— 

18.20 

10.47 

0.47 

Middle  layer . 

0.81 

— 

21.80 

10.23 

0.30 

0.85 

— 

14.45 

9.12 

0.36 

tf  1! 

0.72 

— 

10.72 

8.10 

0.31 

It  II 

0 . 66 

— 

4.89 

2.39 

0.08 

»i  ii 

0.75 

— 

2.08 

1.66 

0.08 

it  ii 

0.56 

0.17 

1.62 

1.20 

Traces 

II  II 

0.42 

0.27 

Traces 

0.60 

None 

II  II 

0.50 

0.20 

Traces 

Traces 

None 

Outer  layer . 

0.37 

0.30 

None 

None 

None 

In  the  initial  material  for  working  section  No.  4  the 
following  contents  were  established  by  microspectral  analysis: 
chromium  9%,  nickel  1136 ,  and  titanium  0.33J* 

It  is  obvious  that  the  chemical  composition  of  Khl8N10T  steel, 
as  a  result  of  continued  mercury  boiling  in  a  pipe  of  this  steel, 
was  virtually  unchanged. 

The  calculated  values  of  wall  thickness  in  various  sections 
were  more  precisely  defined  by  direct  measurements.  ;  In  all  sections 
the  surface  of  the  pipe  in  contact  with  the  mercury  wao  -uniformly 
wetted  by  mercury.  With  the  immersion  of  segments  of  the  section 
into  mercury  at  room  temperature  there  was  observed  complete 
wetting  by  mercury  of  the  inner  surface  of  the  pipe  (the  meniscus 
was  concave). 
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Sections  No.  5  and  6  were  made  from  new  pipes  set  up  for  the 
pipe  system  of  a  high-pressure  boiler  and  characterized  by  the 
following  data  in  Table  8  (average  composition). 


Table  8.  Chemical  composition  of  the  materia]  of  Sections 
No.  5  and  6. 


Sample 

No. 

Chemical  composition, 

l* _ 

C 

Si 

Mn 

S 

p 

Cr 

Cu 

Mo 

V 

1 

0.11 

0.20 

0.53 

0.012 

0.012 

0.99 

0.17 

0.28 

0.26 

2 

0.12 

0.18 

0.50 

0.014 

0.014 

0.11 

0.10 

0.34 

0.22 

3 

0.13 

0.18 

0.50 

H 

O 

• 

o 

0.015 

0.12 

0.11 

0.33 

0.21 

In  accordance  with  TU-257  this  composition  corresponds  to 
12KhlMF  steel.  Before  the  tests  the  material  of  the  section  was 
not  wetted  by  mercury.  After  the  tests  the  section  was  uniformly 
wetted  by  mercury  over  the  entire  surface. 

Table  9  presents  the  geometric  characteristics  of  all  ex¬ 
perimental  sections. 

Mercury  samples  for  determining  impurities  in  the  mercury  were 
taken  directly  from  the  loop  through  a  valve  for  draining  and 
filling  the  loop.  The  necessary  measures  were  taken  during  sample 
selection  to  exclude  the  possibility  of  error.  For  example,  part 
of  the  mercury  was  drained  past  the  sample  vessel  and  then  the 
vessel  was  filled.  Samples  were  taken:  1)  before  conducting  a 
series  of  control  tests  on  section  No.  1,  2)  after  conducting  tests 
on  section  No.  2,  3)  before  conducting  tests  on  section  No.  4. 

In  all  cases,  based  on  total  impurity  content,  the  mercury 
corresponds  to  brand  R-3  according  to  GOST  4658-49  [GOST  ■  TOCT  ■ 

■  All-Union  State  Standard]  (99. 9t)  (Table  10).  According  to  ex¬ 
ternal  appearance,  in  all  cases,  in  the  selected  samples  the 
mercury  was  pure.1 

lThe  analyses  of  mercury  were  made  by  N.  L.  Izanova. 
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Section  No- 


Table  9.  Characteristics  of  experimental  sections. 


Material 
of  the 
heat 

exchange 

surface 

Inner  diameter  of 
pipe,  mm 

Outer  diameter  of 
pipe,  mm 

St.  20 

16.0 

28.0 

St.  20 

15.8 

22.0 

Khl8N10T 

18.0 

29.2 

j 

Khl8N10T 

13. H 

29.0 

12KhlMF 

20.2 

28.2 

7.8 

2.8- 

5.0 


Process  for  preparing 
section 


<0  (0 
O  0) 

C  H 
rt  a  g 
•p  3  E 
to  o 
HO* 

•a  o  h 
E  H 

I  o  § 

E  £ 

•rt  P  E 
c  o 

£  O 


New  pipe  before  contact 
with  mercury  was  in 
contact  with  boiling 
water  for  approximately 
a  month. 


3.1  New  pipe  with  clean 

inner  surface  protected 
from  corrosion 


Bar  of  Khl8N10T  steel 
0  28  mm  bored  out  to 
0  25  mm.  St. 30  melted 
to  0  50  mm,  drilled  0 
18  mm,  bored  out  to  0 
29.2  mm. 


New  pipe  of  Khl8N10T 
steel  6  ■  3.0  mm 

CT 

melted  by  electric 
welding  St. 20  to  0  50 
mm  and  bored  out  to  0 
29  mm.  Tests  were  made 
previously  with  boiling 
water. 


New  pipe.  After  welding 
and  marking,  surface 
strongly  oxidised. 
Wave-shaped  bends  along 
length  of  pipe  l  ■  100 
mm.  h  ■  up  to  0.1  mm. 


Table  10.  Results  of  mercury  analyses 


Impurities 

Before  beginning 
of  tests  on 
section  No.  1 

After  tests  on 
section  No.  2 

Before  tests  on 
Section  No.  4 

Iron . 

3.5*10”* 

io*io“* 

~  mi  ~ 
12*10 

Magnesium . 

None 

0.05*10”* 

0.05*10”* 

Chromium. . 

2.4.  lO”14 

Nickel . 

G. 094*10"* 

None 

0.2*10”* 

Copper . 

0.24*10“* 

0.4  10”^ 

2.0*10"* 

Titanium . 

None 

- 

- 

Total  impurity 
content 

6.24-10"11 

10.45-10“** 

14.25*10“* 

The  methodology  for  determining  heat  transfer  characteristics 
was  as  follows:  specific  thermal  fluxes,  flow  rates,  vapor  contents, 
etc.,  in  the  processing  of  measurement  results,  were  similar  to 
those  described  in  C 3 D • 

During  the  tests,  regimes  were  established  by  changing  heater 
power.  The  power  was  gradually  Increased  to  permissible  surface 
temperature  of  the  experimental  section  (*750°C)  and  then  gradually 
reduced  until  the  mercury  boiling  process  degenerated.  After  this, 
the  regimes  were  established  in  an  arbitrary  order  throughout  the 
range  of  permissible  loads.  The  duration  of  each  regime  was  no 
less  than  3-4  h. 

In  the  processing  we  included  only  those  regimes  in  which  the 
temperature  of  the  outer  surface  of  the  steam-generablrg  pipe  wa.. 
below  the  Curie  temperature  of  the  studied  material  ^y  no  less 
than  30-5U°C  (for  pressures  corresponding  to  saturation  temperatures 
up  to  600°C). 

This  report  prerjnts  the  results  of  experimental  studies  In 
the  range  of  specific  thermal  loads  up  to  2*10  W/m  ,  which, 
according  to  test  conditions,  correspond  to  steam  content  of  no 
more  than  20!?  at  section  output  and  \  velocity  of  no  more  than 
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50-60  m/s  for  the  steam-mercury  mixture,  when  developed  surface 
nucleate  boiling  of  mercury  occurs  and  the  shell  or  annular  flow 
regime  has  not  yet  set  in.  The  chief  results  of  tests  made  on  all 
experimental  sections  are  presented  in  Pig.  1.  Primarily  our 
attention  is  turned  to  the  disagreement  of  data  obtained  for 
various  sections,  as  well  as  the  substantial  spread  in  points  for 
each  section. 


Pig.  1.  Results  of  experimental  study  on  heat  transfer 
during  mercury  boiling  in  pipes  cf  various  steels: 

1  -  Low-carbon  steel  -  St. 20;  2  -  St.  12KhlMF;  j  -  St. 
Khl8N10T. 
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Pig.  2.  The  structure  of  actual  roughness  on  the 
surface  of  pipes  In  cross  sections  (X500): 

1  -  St.  20 j  2  -  St.  12KhlMF;  3  -  St.  Khl8N10T. 
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The  difference  in  heat  transfer  levels  during  the  nucleate 
boiling  of  mercury  in  pipes  of  various  materials  can  be  explained, 
to  a  considerable  extent,  not  by  the  brand  of  the  material  but  by 
the  effect  of  the  microstructure  of  the  pipe  surface.  As  is 
apparent  from  the  surface  microstructure  photograph,  several  sections 
of  which  are  presented  in  the  photograph  in  Fig.  2,  the  dimensions 
of  the  depressions  in  the  roughness  of  each  of  the  studied  surfaces 
differ  considerably.  The  statistical  processing  of  the  series  of 
microstructure  photographs  showed  that  the  pipes  of  St. 20  steel, 
used  in  tests,  had  an  average  roughness  depression  radius  of 
approximately  0.050  mm,  while  pipes  of  12KhlMF  steel  had  approxi¬ 
mately  0.012  mm  and  pipes  of  stainless  steel  had  approximately 
0.007  mm. 


From  this  point  of  view,  the  results  obtained  agree  with  the 
results  of  tests  on  the  effect  of  surface  roughness  on  heat  trans¬ 
fer  during  the  boiling  of  nonmetalllc  liquids  [8,  9]  and  sub¬ 
stantiate  the  analysis  of  conditions  for  the  occurrence  of  steam 
bubble  nuclei  [10].  All  these  data  show  that  it  is  precisely  the 
dimensions  of  the  roughness  depressions  which  determine  the 
dimensions  of  stable  steam  bubble  nuolel.  With  an  Increase  in  the 
radius  of  stable  nuclei  there  is  also  an  Increase  in  the  necessary 
wall  temperature  head-saturation  temperature,  which  is  the  main 
characteristic  of  heat  transfer  in  accordance  with  the  rule  obtained 
as  a  result  of  the  Joint  solution  of  the  Laplace-Glbbs  and 
Clapeyron-Clausius  equations,  which  can  be  presented  in  the  form: 


In  Fig.  3  our  data  in  coordinates  R  ■  f (AT)  for  mercury  with 
specific  thermal  load  1*10®  W/m2  agree  with  the  data  from  [8]  for 
the  boiling  of  n-pentane  with  a  specific  thermal  load  of  approxi¬ 
mately  0.5*10^  W/m2,  which  are  discussed  in  [9]. 


I8l 


( i )  :>  tmp  l'?&n  w<?ti  mt 


Fig.  3*  Temperature  head  versus  dimensions 
of  roughness  depressions  during  the  boiling 
of  mercury  on  various  surfaces: 

X  -  St.  20:  0-  St.  12K1UMF;  A  -  St.  Khl8N10T; 
•  -  Data  [8]  for  n-pentane. 

(1)  Diameter  of  roughness  depressions,  mm. 


For  the  purpose  of  clarifying  the  observed  spread  in  test  data 
with  respect  to  each  of  the  experimental  sections  studied  an 
additional  study  of  the  temperature  regimes  in  steam-generating 
pipes  was  set  up. 
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THE  EFFECT  OF  GAS  PHASE  DISPERSION 
ON  THE  INTENSITY  OF  HEAT  EXCHANGE 
BETWEEN  PHASES  AND  ON  THE  FLOW 
PARAMETERS  OF  A  TWO-PHASE  FLUID 
MIXTURE 

D.  I.  Volkov  and  N.  1.  Malofeyev 
Abbreviations 

m  -  liquid 
h  -  beginning 
m  -  end 

na<4  -  beginning 
m3  -  isotherm 
a a  -  adiabat 
«p  -  critical 
r  -  gas 

In  various  industrial  areas  two-phase  fluid  mixtures  are  used, 
in  which  both  phases  are  far  from  critical  states  as  well  as  from 
states  which  correspond  to  phase  transitions.  Some  of  these 
mixtures  such  as,  for  example,  mechanical  air  foam  and  others, 
move  along  pipes  without  heat  exchange  with  the  ambient  medium  and 
with  a  constant  mass  composition  of  each  phase. 
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With  high,  dispersion.  of  the  gas  phase  the,  motion,  of  the 
mixture  is  characterized  by  the  absence  of  relative  phase  slippage 
HI.  In  the  absence  of  surface-active'  salts  and:  structure 
stabilizers,,  a  fluid  mixture  of  the  mechanical  air  foam  type  is  an 
elastic  porous  medium  capable  of  multiple  expansion  and  .compression 
without  disruption  and  coagulation,  of  the  gas  spheres.-  The  mass 
of  each  separately  taken  .gas  bubble  in  the  composition  of  this 
mixture,  during  its  expansion-contraction,  stays:  constant  and, 
consequently*.  the  thermodynamic  laws  of  ideal  gases  apply  to  such 
a  bubble  £2.0;.  Therefore*  in  . a  number  of  works  [1.,.  30  there  is  the 
concept  of  isothermal  or  adiabatic  (isentroplc )  variations  in  the 
state  of  the  gas  (phase  during  the  discharge  of  the  fluid  mixture. 
With  adiabatic  variations  in  gas  phase  state,,  there  is  no  heat. 
exchange  between  phases*  With  isothermal  varia.tl.oh  in  gas  phase 
state  heat  exchange  does  occur  between  phases-, 

iieat  exchange  between  .phases  affects  the  gas: -phase  ..parameters 
and.,  consequently,,  the  parameters  of  the  entire  mixture.  Let  us 
examine  this  effect  in  greater  ■.detail,. 


In  the  general  case,  during  the  motion  or  discharge  of  a 
fluid  mixture  the-  temperature  of  each  phase  and  the  value  of 
thermal  flux-  between-  them  are  different  and  variable  so  that  the 
heat  exchange  ess  between  phases  is  .-nonstationdry-  arid  occurs 
under  conditions  of  gradual  phase  temperature  equalization. 


Examining  a  fluid  mixture  in  which  the  gas  phase  is  a  bubble 
or  a  sphere  with,  ai  diameter  of  less  than  25  mni  and  disregarding 
the  transfer  of  heat -by.  convection  inside  the  bubble  as  well  as 
the  radiant  heat  transfer  between  liquid  and  gas  phases..,  we  can 
write  for  a  separately  taken  gas  bubble.,  as  for  a  solid  sphere , 
the  familiar  Fourier  equation  of  nohstationary  heat,  conductivity . 
' n  the  heat  transfer  theory  [4]  the  solution  to  such  an  equation 
with  given  boundary  conditions  of  the  third  type  is  usually 
reduced  to  the  form: 


0  ss*l»(Bi6,  I'o), 
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where  -  is  the  dimensionless  temperature  of  the.  gas’ bubble]; 

Bio  -  'y  is  the  Biot:  criterion  for  a  gas  bubble j  is  the 

Fourier  criterion  ■for  a  gas  bubble;  t  is  the  temperature  on  the 
surface  or  in  the  center  of  the  bubble  (sphere;)  at  any  moment  of* 
time,  °C;  t.  is,  the  constant  temperature  over  time  of  the  liquid 
surrounding  the  bubble,  °C;  tQ  is  the  temperature,  uniformly,  dis¬ 
tributed  throughout  the  volume,  of  the  bubble  at  the  initial  moment 
of  time  (t  ■»  0) ;  °C;  R  is  the  radius  of  the  bubble  .(sphere);  m; 

a  is  the  heat  transfer  factor  from  liquid1  phase  to  the  bubble 

/  6  _  k  1  /  .  ' 

(assumed  constant  over  time);  kcal/m  *h.deg;  X  is  the  heat  con¬ 
ductivity  factor  of.  gas  phase,  kcal/m*h*deg;  a  is  the  temperature 

.  v ,  *  . /  1  O  "  ' 

conductivity  factor  of  gas  phase,  m  /h;  t  is  the  heat  exchange 

time.,  h. 


If  we  know  factors  a  and  X  and  take  into  account  the  Bio  and 
Fo  criteria  for  various  values  of  R  and  t,  we  can,  by  using  the 
graph  of  function  (1)  presented  in  the  handbook  oh  heat  transfer 
[5],  determine  the  dimensionless  temperature  in  the  center  of  the 
bubble  —  tm  or  on  its  surface  0u«TK  —  t*/(o— fm. 


Such  calculations  were  made  with  respect  to  the  following 
parameters  of  the  air  in  the  composition:  of  the  mechanical  air 
foam:  pQ  »  1  atm  (abs. ),  tQ  ■  20°  C,  X  ■  0.0217  kcal/m*h‘deg, 
a  «  0.0766  m2/h,  y  «  1.164.  kg/m^.  Calculations  showed  that  the 
temperature  differs  from  0R  only  at  the  beginning  of  the  heat 
exchange  process,  i.e; ;  when  Bio  <  0.1  and  R  >  10“^  m. 


The  results  of  calculations  in  the  form  of  graphs  t  »  f(R) 
for  various  values  of  0R  are  presented  in  Fig.  1. 


As  follows  from  Fig.  1;  the  beginning  time  f.  and  end  time 

H 

t  of  the  heat  exchange  process  is  reduced  with  a  decrease  in  the 
bubble  radius  R  according  to  the  law  of  the  power  function,  namely , 


fx(R  )  and  tK. 


f2(Rm)  where  n  and  m  are  constants. 


Pig-.  1..  Time  for  heat  exchange 
between  .phases  .versus  dimensions 
of  gas  phase  bubbles  in  the  flow 
of  a  fluid  mixture  at  p~  *  2  atm 
(abs. ).,  t  =  2QCC :  J  . 

1  -  Beginning  of  heat  exchange 
process-  on  surface  of  gas  bubble; 

2  -  Beginning  of  temperature 
variation  inside  gas  bubble; 

3  ~  Process  of  intensive  heat 
exchange  oh  gas  bubble  Surface; 

l\  -  End  of  heat  exchange  process 
on  gas  bubble  surface. 

I  -  Region  of  adiabatic  flow 
motion;.  IT  -  Region  of  polytropic 
flow  motion;  III  -  Region  Of 
isothermal  flow  motion. 


The  time  cf  intense  heat  exchange  between  phases  t  •»>  t .-.r  is:- 

K  ‘H; 

determined  -in  Pig.  1  by  the  segment  Of  the  ordinates  between  the 
curves  of  functions  i  =  f^CRy  6R  *•  1.0)  and  tK  *  fgCR,  0R  ®  0) 
corresponding  to  the  beginning  and  the  ending  of  heat  exchange 
between  phases.  These  curves  make  it  possible  to  distinguish,  the 
following  tnree  regions  on  the  graph  in-  Pig.  1. 


1.  The  region  of  gas  phase  adiabatic-  expansion,  in  which  the 
expansion  of  this  phase  during  t  occurs  without  heat  exchange  with 
the  liquid  phase  since  ^  fH,  where  iy  is  the  time  of  the  fluid 
lx ture's  motion,  on  a  segment  of  the  pipe  with  length  l. 


2.  The  region  of  poly tropic  expansion  in:  which,  the  gas  phase 
3  n  ing  x  <  t,  <  t  expands  with  intense  heat  exchange  ,  occurring 
at  ih«  maximum  value  and-,  at  the  same  time,  a  variable  value  of 
tie  tti<v -mature  gradient,  in  this  region,  partial  cases  can  be 
the  sober’ o  and  isochoric  expansion  of  the  gas  phase. 
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3.  The  region  of  isothermal  expansion  in  which  gas  phase 
during  >  t-  expands-  at  a  minimum  and  constant  value  for  the 
temperature  gradient,  a  low  value  for  the  thermal  flux  between 
phases^  and;  a  practically  constant  temperature  head.  During  the 
motion  of  fluid  flow  the  parameters  of  gas  phase  p,  Y,.>  R>  a  and 
X  change  continuously  and,  consequently:,  their  values  for  the  Bio 
and'  Po  criteria  also  change . 

The  heat  exchange  time  for  gas  bubbles?  with?  liquid  phase;  in¬ 
creases  with  an  increase  in, ^pressure  p  and  a  decrease  in  the  initial 
gas  temperature  tQ.  In  this  case,  the  curves  for  the  beginning  and 
end  of  heat  exchange  and  also  the  regions  of  adiabatic,  poly tropic ^ 
and  isothermal  expansions  are  shifted  upward  in  the  direction  of 
an  increase  in  heat  exchange  time,  while  the  region  of  adiabatic 
expansion  is  considerably  increased  due  to  the  increase  in  the 
value  of  t  . 

H 

The  conversion  of  heat  exchange  time  at  new  initial  parameters 
for  gas  phase  can  be  accomplished  with  formula 

V*'*  *,*,*.'*  \  •  (2) 

where  r*'*  is  the  heat  exchange  time  with  gas  phase  parameters 
equal  to  pQ  ■  1  atm  (abs. )  and  tQ  ■  20°C,  in  seconds}  kt  is  the 
coefficient  which  takes  into  account  temperature  variations 
(kt  *  1.0  when  t  ■  20°C  and  k  ■  2*5  when  t  »  150°C)}  kp  ■  p/pQ  is 
the  coefficient  which  takes  into  account  pressure  variation. 

Using  formula  (2)  and  the  graph  presented  in  Pig.  1,  we  can 
calculate  the  heat  exchange  times  for  the  gas  sphere  (bubble)  with 
variable  radius  R,  increasing  with  a  drop  in  the  pressure  of  the 
flow  of  the  fluid  mixture  from  p  to  pQ.  Such  calculations  were 
made  for  a  gas  sphere  with  initial  radius  Ruau  *  10" 11  m  during  its 
expansion  along  the  isotherm  and  adiabat  from  pressure  p  *  10  atm 
(abs.)  to  Pq  *  1  atm  (abs.).  The  values  of  the  radius  of  the  gas 
sphere  during  its  expansion  were  determined  from  formula: 
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(3) 


The  results  of  calculations  are -presented  in  Pig.  2.  As 
follows  from  Fig.  2;,  the  time  fox*  the  . beginning,  and  end  of  the  heat 
exchange  of  the  gas  phase  with  the  simultaneous  reduction  of  its 
temperature,  the  drop  in  pressure  of  the  fluid  mixture,,  and  the 
increase  in  the  gas  sphere’s  radius  vary  insignificantly;  In 
practice,  this  time  can. be  considered-  constant  in:  any  flow  cross 
section  of  the  fluid  mixture. 

We  should  mention  that,  .the  time  for  the  beginning  x.  and  end; 
x  of  the  heat  exchange  between  phases  can  be  greater,  less,  or 
equal  to  the  time  for  the  displacement  of  the  elementary  volume 
of  the  fluid  mixture  and  the  pressure  drop  in  it  from  hydraulic 
velocity  on  length  l  or  the  mixture’s  discharge  time  into  the 
atmosphere  x^. 

Data  on  the  motion  time  of  mechanical  air  foam  on  sections 
of  pipe,  nozzle,  and  free  stream  are  presented  in  Fig.  3»  The 
motion  time  for  foam  x^  was  defined  as  the  ratio  of  the  length  of 
path  l  to  the  velocity  of  foam  motion  w,  measured  during  the  test. 

Comparing  the  time  thus  determined  with  the  time  for  heat 
exchange  between  phases,  calculated  from  formula  (2),  we  can  make 
the  following  conclusions. 

1.  In  pipes  with  length  l  *  120  m  during  the  motion  of  a 
fluid  mixture  containing  gas  bubbles  whose  radius  is  a  value  from 
0.001  to  25  mm,  condition  x^  >  th  is  fulfilled.  Since  the  liquid 
phase  has  a  heat  capacity  higher  than  gas  phase,  its  temperature 
during  phase  heat  exchange  remains  virtually  constant.  Under  these 
conditions,  the  process  of  gas  phase  expansion  can  be  considered 
Isothermal  with  the  poly tropic  indicator  n  *  1. 


188 


Fig;  2.  Times  of  heat  eicchange  between  phases  versus  pressure 
drop  of  mixture  and  dimensions  of  gas  phase  bubbles: 

1  -  Beginning  of  heat  exchange  process  on  gas  bubble  surface} 

2  -  End  of  heat  exchange  process  on  gas  bubble  surface} 

I  -  Region  of  flow  motion  without  heat  exchange  between  phases 
(adiabatic  motion)}  11  -  Region. of  flow  mob  ion  With  beat 
exchange  between  phases  (polytropic  motion)}  Ha  -  Zone  of 
poly tropic  flow  motion  (isobaric  motion  in  a  free  stream)} 

III  -  Region  of  isothermal  flow  motion}  Ac  -  Pipe  section} 

EC  -  Nozzle  section}  CH  -  Initial  section  of  free  stream} 

HO  -  Final  section  of  free  stream. 

DESIGNATIONS :  cbk  «  s.}  aria  «  atm  (abs . ) 


2.  During  the  discharge  of  the  mixture  from  the  conical 
nozzle  and  during  the  transition  of  heat  from  liquid  phase  to  gas 
phase,  the  following  types  of  discharge  are  possible: 


a)  isothermal  (n  «  1)  when  R  <  0.001  mm  and  tj  >  th} 

b)  polytypic  (n  ■  1.0-1. 4)  when  R  ■  0.01-0.1  mm  and  th  < 


c)  adiabatic  when  R  >  0.1  mm  and  <  th. 

With  the  discharge  of  a  mixture  from  the  conical  nozzle  and 
the  transition  of  heat  from  gas  phase  to  liquid  phase  the 
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Pig.  3.  Variation  ;in  gas  phase  parameters  as  a’  function,  of 
bubble  dimensions  (the  effect  of  the  dispersion  of  gas  phase 
on  its  parameters): 

-  Isothermal  motion  of  a  mixture  in  a  section  of  pipe  with 
length  7'£E  «  120  m  for  »  66  s,  bubble  radius  R  <  25  mm; 

EC  -  Motion  of  mixture  in,  nozzle  section  with  length  *EC  *  0.05  m 

for  tEC  “  ^*001  s;  CM  -  Motion  in  initial  section  of  free  stream 

with  length  *  0.05  m  for  «  6.0001  s;  1  -  Isothermal 

motion  when  R  <  0.001  mm;  2  -  Adiabatic  motion  when  R  >  0.1  mm; 

3  -  Polytropic"m6tioh  when  R  =  6.01  mm;  A,  JJa  -  Isobarlc  motion 
when  R  =  0.01  mm  and  R  «  0.1  mm,  respectively;  HO  -  Motion  of 


mixture  in  final  section  of  free  stream  with  length  »  lw 

i°r  t M0  ~  ^  91  ^  “  Isobaric  motion  during  R  *  1.0  mm  and 

R  »  10  mm,  respectively;  -  -  -  -  Boundary  of  gas  phase  ex¬ 
pansion  process  behind  nozzle  from  pHp  to  pQ. 

following  forms  of  discharge  are  possible: 

a)  polytropic  (  n  =  when  R  =  0.01-0.1  mm; 

b)  isochoric  (n  =  «)  when  R  <  0.001  mm. 


10  m 


190 


3.  In  the  free  stream  of  the  fluid  mixture  various  forms  of 
mixture  motion  are  possible  as  a  function  of  the  value  of  R  and 
the  ratio  between  the  time  of  Intensive  heat  exchange  f ^  and  time 
(t  and  t .)  of  the.  beginning  and  the  end  of  heat  exchange  between 
phases. 

Thus,  for  example,  when  R  <  0.01  mm  and  >  tH,  the  motion 
of  the  mixture  in  the'  stream;  flowing  from  the  nozzle  will  occur  „ 
without  heat  exchange  between  phases  and  Without  a  change  in  the 
state  of  the  gas  phase  (p  *  const,  t_  »  tw  »  const)  only  when  sUch 
motion  is  preceded  by  motion  of  the  mixture  in  the  nozzle  under 
conditions  of  heat  exchange  between  phases. 

When  R  »  0.01-10  mm  and  -t  <  <  ts,  the  motion  of  the  mix¬ 

ture  in  the  stream  will  occur  with; heat  exchange  between  phases 
and  with  an  expansion  in  the  gas  phase  according  to  the  isobaric 
law  (n  ■  0 ) i  The  time  of  gas  phase  thermal  expansion  will  increase 
with  an  increase  in  gas  bubble  dimensions. 

And,  finally,  when  R  >  10  mm  and  t,  <  r  ,  the  motion  of  the 
mixture  in  the  stream  Will  occur  Without  heat  exchange  and  without 
a  change  in  the  state  of  the  gas  phase}  however,  with  different 
temperatures  for  liquid  and  gas  phases  (p  ■  const;  tp  «  const; 

Vp  ■  const).  Nevertheless,  such  motion  must  be  preceded  by  motion 
of  the  mixture  in  the  nozzle  without  heat  exchange  between  phases. 

The  variation  in  gas  phase  parameters  as  a  function  of  the 
dimensions  of  the  gas  bubbles  in  the  mixture  is  presented  in  Pig.  3* 

From  this  it  follows  that  the  dispersion  of  fluid  flow  has  a 
substantial  effect  on  heat  exchange  between  phases  and  also  on 
such  parameters  of  gas  phase  as  density  and  specific  volume,  which, 
during  motion  of  the  mixture  and  drop  in  its  pressure  because  of 
hydraulic  losses,  change  in  the  process  of  gas  phase  expansion. 

From  this  point  of  view,  there  is  a  significant  difference  between 
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microdispersed  and  macrodispersed  fluid  flows .  This  difference 
must  be  taken  into  account  when  setting  up  equations  of  flow  motion 
which,  include  the  density  and.  specific  volume  of  the  mixture. 

Let  us  find- the  dependence  of  the  specific  volume  of  the  fluid 
mixture  v  oh  pressure  in  the  presence  of  heat  exchange  between 
phases.  For  this  we  shall  wrJ *  first  the  expression  for  the 
specific  volume  of  a  two-phasi  luid  mixture  in  the  following 
manner,:.  .  • 

(5) 

J .  i|  -  ^  , 

where.  v  y,^acorist  arid  Vr«  S  are  volumes  of  the  in- 

■-  '  "  -i«r  . 

compressible  liquid  and  compressible  gas  phases  respectively} 

■•W.  Vt{  are  the  elementary  volumes  of  discrete  elements  of  liquid 
and  gas  phase.,  respectively.}  ^  arid  rig  are  the  numbers  of  liquid 
and  gas  phase  inclusioris  in  1  kg  of  the  mixture.  The  per-volume 
contents  of  phases  will  be: 

{>, »  Vt'vt  (6) 


Taking  expressions  (5)  and  (6)  for  the  volumes  of  liquid  and 
gas  phases  in  the  mixture  into  account,  we  can  write: 

Vm  «■ ?*v  «  ?*/7  ~b  -const;  ( f ) 

V,~  const.  (8) 


From  expressions  (5-8)  after  transformations  it  is  easy  to 
obtain  formulas  for  specific  volume  of  a  two-phase  fluid  mixture 
with  heat  exchange  between  phases  taken  into  account  and  as  a 
function  of  the  form  of  mixture  motion. 


The  table  gives  the  basic  characteristics  of  various  forms  of 
motion  for  a  uwo-phase  fluid  mixture  and  formulas  are  presented 
for  determining  the  specific  volume  of  the  mixture  as  a  function 
of  the  form  of  motion.  From  the  expression  for  specific  volume  of 
the  mixture  during  isochoric  motion,  it  follows  that,  in  this  case, 
the  flow  is  incompressible. 


Analysis  of  the  data  presented  in  the  table  indicates;  that 
with  different  heat  exchange  intensities,  between  phases  and > 
consequently,  with  different  thermodynamic  laws  of  variation  for 
the  state  of  the  gas  phase  in  a  moving  mixture,  density  and  specific 
volume  of  the  mixture  change  as  a  function  of  the  polytron  indicator 
n.  In  connection  with  this,  it  is  obviously  expedient  to  call 
isobaric,  isothermal,  adiabatic ,  isochoricj  and  polytropic  forms 
of  fluid  flow  motion  classes  of  motion  and  to  study  the  properties 
of  mixtures  separately  according  to  class. 


Table.  Formulas  for  the  specific  volume  of  a  two- 
phase  fluid  mixture  taking  into  account  heat  exchange 
between;  phases  arid  the  form  of  mixture  motion i 


Form  of  mixture  -motion-  \ 

and  its  characteristics 

=  Formula,  for  the  specific 
:  volume  of  the  mixture 

Isobaric  motion :  vtlt, » 

**  const;  =  rf  «  const 

v  «  *4  rf/rr 

Isothermal  motion: 

« const;  const 

o»*+e/r,' 

Adiabatic  motion:.  pvt* - 
■  const:  {Mv1'*  *  /  =»  const 

v  *-*+//>’•'* 

Isochoric  motion: 

V*  »  rntim  const 

yr-  ,Vr  const 

v  **b+:gm  const 

Conclusions 

The  approximate  method  of  calculating  heat  exchange  between 
phases  in  the  flow  of  a  two-phase  fiuid  mixture  characterized  by 
constancy  of  mass  phase  composition  indicated  that  the  dispersion 
of  gas  phase,  to  a  considerable  extent,  affects  intensity  and 
duration  of  heat  exchange  between  phases. 

Depending  upon  the  time  of  the  beginning  and  end  of  heat 
exchange  between  phases  in  the  flow  of  a  mixture,  the  direction 


mi  rrmn-*rf>i 


of  the  thermal  flux  (from  liquid  phase  to  gas  or  vice  versa),  the 
velocity  of  mixture  motion,  arid  the  length  of  the  path  of  motion , 
there  arise  isobaric*  isothermal,  adiabatic ,  isochoric,  arid 
polytropic  forms  of  mixture  motions  with  various  gas. phase  poly¬ 
tropic  indicators  (ri  ■  0-»)  arid  various  densities  and  specific 
volumes  for  the  mixture.  This  must  be  taken  into  account  When 
setting  up  the  motiori  equation  for  a  fluid  mixture. 
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THE  DYNAMICS  OF  THE  LIQUID  BOILING 
PROCESS  I N  A  FLOW  WITH  A  LARGE 
PRESSURE  GRADIENT 

4.  A.  Zysin  and  V.  A-.  Bariiobich 

Abbreviations 

np  -  limiting 
h  -  nozzle 
«p  -  critical 
Hp • c  -  critical  wall 
Hp •  14  ~  critical  central 
np  - .counterpressure 
cp  -  exit 

The  discharge  of  a  liquid  having  an  initial  temperature  near 
saturation  temperature  is  accompanied  by  steam  formation  the 
intensity  of  which  can  significantly  exceed  the  intensity  caused 
by  the  presence  of  heat  exchange.  The  process  acquires  an 
adiabatic  character. 

Although  the  actual  process  is  always  accompanied  by  a 
disruption  of  thermal  equilibrium,  an  explanation  of  the  basic 
regularities  of  discharge  can  be  obtained  from  a  thermodynamic 
analysis.  In  the  case  of  the  discharge  of  a  saturated  liquid. 
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boiling  must  occur  with  an  infinitely  small  pressure  drop,  i.e. , 
at  input  to  a  convergent  nozzle .  With  underheating  of  the  liquid 
to  saturation  temperature  the  boiling  front  is  shifted  downstream. 
At  a  certain  underheating  this  front,  agrees  with-  the  minimum 
cross  section  of  the  nozzle;  The  corresponding  regime^  can  be 
called,  the  "limiting"  regime;.  This  regime  is  characterized  by  the 
agreement  of  the  boiling  front  with  the  critical  cross  section, 
with  which  vapor  formations  can  develop  only  in  the  expanding 
part  of  the  channel,  in  the  case  of  a  reversible  process  behind 
the  boiling  .front  the  flow  must  be  supersonic.  For  these  con¬ 
ditions,  disregarding  gravitational  forces,  we  can  determine  by 
thermodynamic  analysis  the  velocity  in  front  of  the  boiling  front 
which  responds  to  the  "limiting"  regime, 


up 


-f-  •)« 


(i) 


Hence  we  find  the  corresponding  initial  underheating 


(2) 


The  parameters  of  the  state  in  (1)  and  (2)  refer  to  the 
initial  flow  state. 


In  the  framework  of  the  assumption  made  at  At  >  Atn^,  which 
is  characteristic  for  many  technical  problems ,  the  flow  rate 
through  a  nozzle  of  any  shape  must  be  determined  by  the  simple 
relationship: 

•  (3) 

where  Fh  is  the  area  of  the  minimum  cross  section}  Pq  is  the 

stagnation  pressure  in  front  of  the  nozzle;  po  is  the  saturation 

s 

pressure  with  the  temperature  at  input. 

Experience  shows  that  when  counterpressure  pnp  «  pg,  the 
actual  flow  rate  can  be  substantially  different  from  the  values 
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given  in  (3) .  The  available  data  of  theoretical  analysis  does  hot 
enable  generalization  of  test  material.  Therefore,  for  practical 
calculations  it  was  proposed  to  use  purely  empirical  relation¬ 
ships  which  .were  far  from  covering  the  necessary  areas  of  appli¬ 
cation. 

After  thermodynamic  analysis  taking  into  account  the 
phenomena  occurring  in  the  boundary  layer,  it  was  possible  to 
establish  a  diagram. of  the  process  explaining  the  character  of 
the  principal  regularities  and  giving  a  basis  for  generalizing 
test  data.  According  to  this  diagram,,  substantiated  by  special 
visual  observations,  with  a  sufficient  pressure  drop  vapor 
formation  occurs  in  the  convergent  part  of  the  channel .  However , 
it  is  developed  in  that  region  of  the  boundary  layer  where  the 
velocity  does  not  exceed  the  quantity  from  equality  (1) .  Con¬ 
ditions  for  the  limiting  flow  regime  are  determined  by  the  local 
value  of  full  stagnation  pressure.  Based  on  this,  at  "limiting” 
and  "superlimiting"  flow  regimes,  when  pressure  drop  exceeds 
critical,  in  the  convergent  part  of  the  nozzle  there  occurs  a 
two-layer  flow:  a  two-phase  boundary  layer  and  a  liquid  central 
layer.  At  output  into  unlimited  space  there  occurs  a  boiling  of 
the  central  part  of  the  flow  and  in  the  free  stream  a  critical 
section  is  formed.  With  discharge  from  a  Laval  nozzle  with  a 
sufficiently  small  angle  of  taper,  the  expanding  section  is  main¬ 
tained,  apparently  a  two-layer  flow  structure;  this  leads  to  a 
very  unique  character  for  the  discharge  process.  The  peripheral 
flow,  passing  into  the  minimum  section  through  a  region  of  local 
speed  tof  sound,  has  a  pronounced  supersonic  character.  In  the 
central  flow  in  the  expanding  part  of  the  channel  vaporization 
occurs.  However,  this  process  is  limited  by  the  change  in  channel 
cross  section.  Figure  1  shows  the  distribution  of  pressure  along 
the  axis  of  the  Laval  nozzle  with  various  counterpressures  and 
during  the  discharge  of  water  with  constant  initial  parameters. 

In  all  cases,  from  the  point  of  view  of  gas  dynamics,  the  discharge 
regime  was  supercritical  -  flow  rate  remained  constant.  This  is 
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confirmed  by  the  constant  character  of  pressure  distribution  up 
to  the  minimum  cross  section  of  the  nozzle:;.  Meanwhile  final 
pressure  in  the  nozzle  .was,  dependent  on  cpunterpressure;  The. 
nozzle’s  angle  of  taper  affects  the  value  of  critical  pressure  in 
the  minimum  section  and,  as  a  consequence  of  this,  also  affects 
the  flow  rate  characteristic  of  the  nozzle.  A  group  of  studies 
on  the  discharge  of  superheated;  water  in  channels  of  various 
shapes  were  made,  on  a  special  stand..  In  addition  to  measuring 
flow  rates  and  pressure  distributions  along  the  channel  axis,  it 
was  possible  to  directly  measure  the.  reaction,  of  the  stream,  which 
enabled  us  to  determine  the  .average  discharge  rate . 


Pig.  1.  Pressure  variation  along 
a  Laval  nozzle: 

-  reversible  isentrope. 

The  most  comprehensive  generalized  characteristics  were 
obtained  for  cylindrical  nozzles.  It  was  possible  to  establish 
that  there  is  a  certain  dimensionless  length  for  the  cylindrical 
part  at  which  the  entire  vaporization  process,  up  to  the  blocking 
of  the  flow,  develops  inside  the  channel.  Fittings  whose  length 
exceeds  the  corresponding  dimensions  are  self-similar  relative  to 
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the  geometry  of  the  channel.  Tesjb. 'data-  -for-'  Jiieft. ;*,io'hg!*  fittings 
could  be  generalized.  Using  the.  following’ ;as.  the  determining 


criterion. 


(4) 


where  At  is  the  initial  underheating  of  the  water  up  to  boiling 
point. 


The  results  of  processing  experimental  data  are.  presented  in 
Pig.  2.  In  the  tests,,  initial  temperature  was  varied  from  120- 
170°C  and  counterpressure  from  Oil  to  0.15  bar. 


Here  two  critical  pressure  ratios  6Kp’  and  $Kp"  are  presented. 

The  quantity  g  *  determined  according  to  the  counterpressure 
up 

at  which  the  following  condition  was  fulfilled: 
np 


(5) 


where  pcp  is  the  pressure  measured  in  front  of  the  exit  of  the 
output  channel  section. 


The  quantity  g  " 

up 

pressure  at  which 


was  determined  according  to  the  counter- 


JG__ 

dPv 


-0, 


(6) 
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I, 


where  G  . is- ttHe  measured;  flow  -fate-. 

We  should  emphasize  that.  the.  tests  showed  the  practical 
impossibility  of  directly  measuring  critical  pressure  in  front  of 
the  exit.  This  is  explained  by  the  large  pressure  gradient 
occurring  in  the  ..peripheral  tworphase  flow  in  front  of  the 
blocking  front.  This  agreement  between  the  values  of  0  *  and 

...  ,V"*  "  .  “  '  “P 

g.uri"  is  found  in  accordance  with  the  above  considerations  concern- 

H  p  .  •  -  -  - 

ing  the  mechanism  of  flow  £rom  a  Laval  nozzle. 


By  measuring  the  stream  reaction  it  was  possible  to  determine 

the  average  discharge  velocity  at  supercritical  regime  when  flow 

rate  and  pressure  at  the  exit  was  adjusted  to  depend  on  the 

counterpressure;  then  the  velocity  factor  <j>  .  .  was  determined 

up  •  u 

from  expression 

Here  w^  is  the  discharge  velocity  measured  according  to  stream 
reaction;  i . .  is  enthalpy  during  isentropic  expansion  from  the 
initial  state  (with  enthalpy  in)  to  the  final  state  p  . . 

U  Hp 

Pressure  pKp  was  determined  from  expression: 

(8) 

As  we  see,  the  discharge  process  is  characterized  by  con¬ 
siderable  irreversibility,  which  is  indicated  by  the  very  low 
values  of  6  ,  .  The  degree  of  irreversibility  increases  severely 

with  an  increase  in  the  initial  underheating  up  to  boiling  point. 

The  character  of  pressure  distribution  along  the  output 
section  of  a  cylindrical  channel  indicated  a  sufficiently  close 
agreement  with  theoretical  calculations  based  on  a  model  of 
one-dimensional  flow.  This  enables  us  to  assume  that  mutual  phase 
slippage,  to  which  many  authors  give  a  high  value,  is  virtually 
absent;  consequently,  the  chief  factor  in  the  nonequilibrium  of 
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the  process  must  be  the  difference  in  the  temperatures  of  liquid 
and  vapor  phase.  An  indirect  substantiation  of  this  assumption 
is  the  sharp,  increase  in  .process  reversibility  with  a  change  from 
cylindrical  fittings  to  Laval  nozzles. 

Figure  2  shows  the  curve  of  the  velocity  factor  for  a  Laval 
nozzle  with  a  taper  angle  of  a  ■  1|°28"{  determined  from  an 
expression  similar  to  (7),  where  instead  of  i  the  value  of 

4  .  R 

inp  was  substituted  (i  is  the  enthalpy  during  isentropic  ex¬ 
pansion  up  to  a  given  coUhterpressure). 
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CLASSES  OF  MOt  I  ON.  FOR  A  TWO.r  PHASE 
DISPERSED  FLOW  WITH  HEAT  -EXCHANGE 
BETWEEN  PHASES 

N.  I.  Malofeyev 

Designations 

3  -  phase  content  per  unit  volume}, 
h  -  thickness  of  liquid:  layer; 
d  -  diameter  of  gas  sphere; 

R  -  radius  of  gas  sphere ; 
t  or  T  -  temperature  in  °C  or  °K; 
t  -  time; 
p  -  pressure; 
w-  velocity; 

G  -  flow  rate; 

V  -  specific  volume; 

Y  -  specific  weight; 
p  -  density; 

g  -  acceleration  of  gravity; 

U  -  cross-sectional  area  of  flow; 

z  -  geometric  head; 

v#  -  critical  pressure  ratio; 

a  -  ratio  of  phase  contents  per  unit 
volume; 

n  -  poly tropic  index; 


k  -  adiabatic  index; 

D  -  diameter’  of  ^piping; 
i  -r  length  ;; 

M  -  coefficient  of  dynamic  viscosity. 

Subscripts 

•r  -  gas;, 
m  -  liquid;: 

o  -  atmospheric  conditions; 
c  -  in  front  of  nozzle; 

*  -  in  critical  cross  section; 

-h  -  beginning; 

;h  -  end,,  convection; 
t  -  heat  exchange ; 
rip  -  limiting 
m3;  -  isothermal 
aA: €■  adiabatic ; 

Tp  -■  friction. 

In  ship  building)  rocketry,  power  engineering,  the  petroleum 
and  chemical  industries,  various  systems  are  used  with  two-phase 
fluid  working  media  moving  in  an  emulsion  regime  with  constant 
weight  composition  of  phases  [1,  2,  3],  Among  these  media  are  all 
fluid  dispersed  media:  air-water  emulsions;  helium-nitrogen 
mixtures;  flotation,  carbon  dioxide-water,  and  mechanical  air 
foams . 

In  these  two-phase  flows  both  phases  are  far  from  critical 
«  states  as  well' as  from  states  corresponding  to  phase  transition. 

With  a  high  degree  of  flow  dispersion,  which  can  be  ensured  by 
free  or  forced  dispersion  methods,  there  is  no  relative  phase 
•  slippage.  In  the  presence  of  surface-active  substances  the  flow 

structure  is  the  most  balanced  and  stable. 
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The  absence  of  successive  methods  for  calculating,  dispersed; 
fluid  flows  has  meant  that,  until  recently;,  a  calculating  device 
of  the  hydraulics  of  incompressible  dropping  fluids  has  been  used 
when  calculating  air-foam  systems  for  ships  [2], 

With  the  aim  of  developing  a.  methodology  for  the  hydraulic 
calculation  of  such  systems,  the  author  has  performed  analytic 
and  experimental  studies  on  the  processes  of  motion  in  a  two-phase 
dispersed  flow  in  pipes,  nozzles/,  and  free  stream. 

The  study  was  made  taking  into  account  the  compressibility  of 
the  two-phase  flow,  the  effect  of  dispersion  oh  heat  exchange 
between  phases ,  the  transformation  of  phase  structure,  and  the 
presence  of  critical  parameters  which  arise  during  the  discharge 
of  a  two-phase  flow  and  affect  the  dynamics  of  the  free  stream. 

Structural  analysis  of  a  two-phase  flow  has  shown  that 
dispersed  flow  has  two  flow  regions free-dispersed  and  connected- 
dispersed.  In  free-dispersed  flow  the  gas  spheres  are  not  con¬ 
nected  to  each  other  and  are  in  a  free-suspended  state.  The 
initial  shear  stress,  in  this  case,  is  zero.  In  connected- 
dispersed  flow  the  gas  bubbles  in  the  form  of  polyhedrons  with 
thin  films,  are  connected  to  a  common  structural  frame  which  has 
a  certain  rigidity  (elasticity  of  shape) ,  because  of  which  the 
initial  shear  stresses  reach  considerable  values.  The  mutual 
transition  of  free-dispersed  and  connected-dispersed  flows  occurs 
at  a  liquid  film  thickness  of  h  «  0.01  mm*  The  value  of  limiting 
gas  content  per  unit  volume,  at  which  this  transition  sets  in  with 
a  given  dispersion  is  determined  by  expression: 


(1) 


The  boundary  separating  the  regions  of  free-dispersed  and 
connected-dispersed  motion  for  a  two-phase  flow  is  presented  in 
Fig.  1. 


Pig.  1.  Regions  of  free-dispersed  and  connected-dispersed 
fluid  flow;: 

A  -  Curve  of  gas  content  variation  for  emulsion  during 
expansion  of  gas  spheres  or  phase  stratifications} 

B  -  Curve  of  gas  content  for  emulsion,  corresponding  to 
the  beginning  of  the  procd^s  of  gas  sphere  recomposition 
at  h  ■  0.01  mm;  C  -  Boundary  of  regions  of  free-dispersed 
emulsion  and  connected-dispersed  foam  (h  ■  0.01  mm); 

D  -  Curve  of  gas  content  for  foam  When  h  ■  0;01  mm; 

I  -  Zone  of  free  arrangement  of  gas  spheres  in  emulsion; 

II  -  Zone  of  gas  sphere  recomposition;  III  -  Zone  of  gas 
sphere  deformation  intp  polyhedrons ;  IV  -  Coagulation 
zone  of  foam  bubbles  and  syneresis. 

KEY:  (1)  Connected-dispersed  foam;  (2)  Free-dispersed 
emulsion; 


A  two-phase  dispersed  flow  in  the  presence  of  surface-active 
substances  and  structural  stabilizers  is  an  elastic-porous  medium 
oapaDle  of  multiple  expansion-contraction  without  disruption  and 
coagulation  of  gas  spheres.  The  mass  of  each  separately  taken 
gas  bubble  during. its  expansion-contraction  is  constant  and 
thermodynamic  laws  of  change  of  state  can  be  applied  to  it  [4]. 

Heat  exchange  between  phases  occurs  in  the  case  of  a 
difference  in  their  temperatures  or  a  change  in  the  thermodynamic 


state  of  gas  phase  during  the  motion  of  a  two-phase  flow  with  a 
pressure  drop  and  is  nonstationary.  In  this-  case,,  the  connection 
between  time  and  spatial  temperature  variations  at  any  point  of 
the  moving  gas  medium  is-  determined  by  the  F6urier-Kirchhqf f 
differential  equation  of  heat  conductivity  [53 i 


Since  most  gases  and. airs  are  ‘diathermic  j  radiant  heat  ex¬ 
change  between  phases  was  not  taken  into  account.  The  convection 
of  gas  phase  inside  a  sphere  with  a  dimension  of  less  than  50  mm 
was  also  disregarded  since,  for  these  conditions*  the  product  of 
the  Gras ho f  number 

and  the  Prandtl  number 

Pr  »  %  (  for  air  Pr  *0,722) 


is 


GrPr<10* 


and  the  convection  factor  is  eu  «  1.0,. 

H 


The  gas  sphere  inside  the  small  sphere  can  thus  be  assumed 
immobile.  Under  this  condition,  the  convective  temperature  change 
in  the  Fourier-Kirchhoff  equation  is  zero  and  acquires  the  form 
of  the  Fourier  equation  as  in  the  case  of  a  solid.  For  discrete 
elements  of,  gas  phase  having  the  shape  of  a  sphere,  it  assumes 
the  form: 


(2) 


On  the  basis  of  the  second  theorem  of  thermal  similarity 

(Buckingham’s  theorem),  ,the  unknown  function  in  the  form  of 

dimensionless  temperature  was  determined  as  a  function  of  the 

o 

Biot  number  Bio  *  aR/X  and  the  Fourier  number  Fo  «  at/R  .  Given 
the  different  value  for  the  gas  bubble  radius  R  and  the  time  of 
its  heat  exchange  t,  we  obtained  the  values  of  Bio  and  Fo,  with 
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which,  based  on  data  from  [51,  we  determined  the -values  of 

-£•  and-™..  With  identical  values  for  dimensionless  temperatures, 

a  -graphic  relationship  was  plotted  for  heat  exchange,  time  and  gas 
phase-air  dispersion,  x  *  f  (R) ,  Which  is  presented  in  Fig.  2  for 
conditions  pQ  »  1  atm  (abs. ),  t  •*  20°Ci  Assuming  that  the 
parameters  of  gas  phase  p,  Yr»  R>  a,  and  X ,  as  well  as  the  Bio 
and  Po  numbers,  change  along  the  flow  line.,  the  heat  exchange 
time  was  corrected  by  expression: 


[a*a  «'•  atm  (abs.  )] 

where  k  is  the  coefficient  taking  into  account  temperature 
variation;  p/pg  Is  the  correction  factor  taking  into  account 
pressure  variation  in  accordance,  with  the  first  theorem  of  thermal 
similarity  (Newton's  theorem),. 


Then  the  time  for  heat  exchange  between  phases  tp  was  compared 
with  the  time  for  the  process  of  two-phase  flow  motion  x  on  various 
sections  of  the  path:  (pipe,  nozzle*  stream). 

If  the  time  of  flow  motion  x  was  less  than  the  time  x”,  the 
beginning  of  intensive  heat  exchange  between  phases,  the  flow  was 
considered  adiabatic  (n  ■  k  *  1,4);  if  the  time  for  flow  motion  x 
was  greater  than  the  quantity  x*  but  less  than  the  quantity  x*, 
the  time  of  the  end  of  the  heat  exchange  process  between  phases, 
the  flow  was  assumed  pOlytropic  (n  «  0-“).  If  the  time  of  motion 
of  the  flow  was  greater  than  the  quantity  x*,  the  flow  was  assumed 
to  be  isothermal.  When  conditions  p  ■  const  or  Vr  ■  const  were 
applied,  the  polytropic  process  was  a  particular  case  of  the 
isobaric  or  isochOric  variations  in  the  state  of  the  gas  phase. 


This  analysis  enabled  us  to  distinguish  narrower,  but 
sufficiently  typical  with  respect  to  physical  conditions,  classes 
of  two-phase  flow  motion:  isobaric,  isothermal,  adiabatic,  and 
isochoric,  for  which  it  was  possible  to  perform  mathematical 
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Fig.  2.  Time  of  heat  exchange  between  phases  versus 
dimensions  of  gas  spheres: 

th  -  Curve  showing  time  of  beginning  of  heat  exchange 

tk  -  Curve  showing  time  of  end  of  heat  exchange; 

I  -  Region  of  adiabatic  flow  motion;  II  -  Region  of 
polytropic  flow  motion;  III  -  Region  of  isothermal 
flow  motion. 

KEY:  (1)  Convection. 

DESIGNATIONS:  am a  ■  atm  (abs.);  cen  ■  s. 
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analysis  and  derive  equations  of  motion.,  For  the  .purpose  of 
deriving  equations  of  motion,  a  number  of  assumptions  were  made 
and  the  flow,  itself  -was  taken  as  a  simplified  model. 


The  motion  of  the  flow,  was  considered  steady  and  continuous. 
Dispersed-  flow  with  surface-active  substances  reducing,  the  surface 
tension  of  liquid  phase  was  assumed  thermodynamically  stable  and 
balanced,  i . e . ,  the  arbitrary  separation  of  liquid  and  gas  phases 
under  the  effect  of  surface  forces  and  gravity  was  excluded.  The 
diffusion  of  gas  into  liquid  arid  the  evaporation  of  liquid  into 
gas  were  ignored  because  of  their  insignificance,  while  the  weight 
composition  of  phases  was  assumed  constant.  In  addition,  we  did 
not  take  into  account  the  Jump  in  pressure  on  the  phase  interface, 
which,  according  to  the  Laplace  equation  [63  did  not  exceed  1-25? 
of  the  pressure  in  liquid  phase. 


In  deriving  equations  of  motion  for  an  ideal  two-phase  flow, 
the  assumption  was  made  that  forces  of  friction  and  tarigentlal 
stresses  were  zero,  i .  e . ,  there  was  no  dissipation  of  energy  in 
either  phase  and  the  velocity  of  particle  motion  at  all  points  of 
any  arbitrarily  taken  section  was  identical. 

The  actual  two-phase  flow  with  high  phase  dispersion  was 
considered  a  quasihomogeneous  flow,  whose  viscosity  and 
tangential  stresses  for  both  phases  which  were  identical,  while 
the  density  and  velocity  gradient  were  continuous  functions  of 
the  coordinates. 


The  motion  of  free-dispersed  and  connected-dlspersed  flows 
was  assumed  to  be  translational,  nonrotational,  or  potential. 


From  the  assumptions  made  it  follows  that  the  model  of  ideal 
two-phase  dispersed  flow  is  similar  to  the  model  of  steady  potential 
ideal  single-phase  compressible  flow,  and  a  system  of  combined 
differential  equations  with  partial  derivatives,  consisting  of 
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Euler  equations,-  equations  of  continuity:,  and  the  relationship 
betwe.en  flow  density  and  pressure.,  can  be  applied  to  it .  Inte¬ 
gration  of  the  differential  equations  With  the  substitution  of 
the  dependence  of  density  on  pressure  gives  the  following 
'equations  of  motion  for  a  single-dimension  two-phase  flow; 


With  the  use  of  equations  (t),  (5)  >  ( 6) ,  and  (7),  we  analyzed 
the  process  of  the  discharge  of  a  two-phase  flow  from  conical 
nozzles,  which  showed  that  during  the  discharge  of  a  fluid  flow 
from  nozzles  there  is  a  critical  barrier  which  is  established  in 
a  narrow  (critical)  section  of  the  nozzle  owing  to  the  presence 
of  gas  phase. 

During  the  critical  discharge  of  a  two-phase  fluid  flow,  the 
discharge  velocity,  maximum  weight-per-second  flow  rate,  and 
critical  pressure  ratio  are  functions  of  the  gas  content  per  unit 
volume  of  the  flow  (or  the  ratio  of  phase  content  per  unit  volume). 


For  example,  with  isothermal  discharge  of  a  two-phase  dis¬ 
persed  flow  (with  gas  sphere  dimensions  R  <  0.01  mm),  these 
parameters  are  determined  from  the  following  expressions: 


-  \2g  |ft(1  -  >,)  r  2,3)rc  lg  >*!)"•»  V>e*c; 

“  [  (**£/  ]  " 

V  1 '+  4,6ie*  lg  v,  »c5  -  ■-=.  0; 

V  -ll-r1’  *.ad  “  4.  tar>»)!  =*«• 
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(10) 

(11) 


With  adiabatic  discharge  of  a  two-phase  dispersed  flow  (with 
gas  sphere  dimensions  R  >  Oil'  mm) ,  the  critical  parameters  are 
determined  by  the  following  expressions: 


Analysis,  of  the  discharge  formulas  indicates  that  the  maximum 
possible  absolute  values  for  discharge  velocity  and  flow  rate 
occur  with  isochoric  discharge  of  a  two-phase  flow  with  heat  drain 
from  gas  phase  to  liquid*  and  the  minimum  values  occur  during 
isobaric  discharge  of  a  tworphase  flow  with  heat  transition  from 
liquid  phase  to  gas.  The  first  case  can  occur  under  the  corre¬ 
sponding  conditions  for  discharge  in  nozzles  of  American  roCket 
engines  operating  on  liquid  and  gas  nitrogen  (or  gas  helium), 
because  of  which  the  maximum  possible  thrust  is  ensured  with 
minimum  engine  size  [3]. 

Isothermal  and  adiabatic  discharges  of  a  two-phase  flow  occur 
in  domestic  air- foam  systems,  with  which  the  critical  velocity  and 
flow  rate  in  the  case  of  isothermal  discharge  with  heat  transition 
from  liquid  phase  to  gas  is  less  than  in  the  case  of  adiabatic 
discharge  without  heat  exchange  between  phases. 

These  facts  are  explained  by  the  value  of  critical  counter¬ 
pressure  established  in  the  nozzle  outlet.  In  the  isobaric 

discharge  process  v#  «  pMp„  »  1.0  «  max  (B  c  «  1.0);  in  isothermal 

"  c  r 
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v*  =  0.607;  in  adiabatic  *0.528  for  air);  in  iso- 

choric  ,v#  =  6  (during  discharge  into  a  vacuum) .  Thus.,.  the  critical 
parameters  during  the  discharge  of  a  two-phase  flow  (velocity  w# 
and  flow  rate  G#)  are,  determined  not  by  the  value  of  the  available 
potential  energy  of  twc-phase  flow,  but  by  the  value  of  counter- 
pressure  or  the  value  of  critical  pressure  ratio,  which  depends 
upon  thermal  flux  and  its  direction  between  phases  (from  gas  phase 
to  liquid  or  liquid*  phase  to- -gas’). 

An  experimental  study  oh  the  motion  of  real,  i.e. ,  viscous 
two-phase  dispersed,  flow  showed  tnat  in  the  discharge  formulas 
(8) ,  (9),  (12) ,  and  (13),  derived  for  ideal  flow,  it  is  necessary 
to  introduce  the  flow  rate  factor  -  0.93-0.96,  which  takes  into 
account  losses  from  friction  during  the  discharge  of  a  viscous 
two-phase  flow  from  conical  nozzles i 


During  isothermal  motion  of  a  viscous  two-phase  dispersed 
flow  in  pipes  with  heat  transfer  from  liquid,  phase  to  gas, 
hydraulic  losses  can  be  determined-  by  solving  transcendental 


equations  having  the  form: 


(j>h  -  . 

nm-7\  Vo 


H*  *«/>o 


Inn 


(Ph  \-  *'Pu)nm  (Pt  +ifi Ai)""*1 

l&Dm+riu  V  VJi ) 


(16) 


This  equation  is  obtained  by  integration  of  expression 
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>  *1  t 

,K1 3T* 


(17) 


in  v/hich  the  quantities  X,  w,  and  y  are  defined  as  functions  of 
gas  content  per  unit  volume,  depending  on  the  absolute  value  of 
pressure  and  changing  along  the  line  of  flow. 


k' 


u : 


The  quantity  X  was  expressed  in  terms  of  variables  w,  y,  and 


(18) 
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where  the  coefficient  of  dynamic  viscosity  p  is  connected  with 
the  value  of  gas  content  per  unit  volume  by  functional  relationship 


Based  on  the  data  from  an  experimental  study  by  the  author, 
the  coefficients  in  equation  (16)  and  formulas  (18):  and  (19)  are: 
’k'--_  64  j  m  «  Ij.  *  0.005*  n  *  2. 22  (when  6r  <  0. 35) ;  k^  ®  0.0126; 

n  4'  3.24  (when  3- £  0. 35). 

The  study  of  isothermal  motion  of  a  viscous  two-phase  flow 
in  pipes,  the  adiabatic  and  isothermal  discharge  processes,  and 
the  isobaric  motion  of  a  two-phase  flow  in  free  stream  enabled 
the  author  to  obtain  the  relationship  necessary  for  the  hydraulic 
calculation,  of  air-foam  systems. 

Conclusions 

1.  It  is  shown  that  equations  of  motion  and  the  relation¬ 
ship  between  parameters  of  isobaric ,  isothermal,  adiabatic,  and 
isochoric  two-phase  flows  are  varied  and  in  the  absence  of  heat 
exchange  between  the  ambient  medium  and  the  flow  and  in  the 
absence  of  phase  transition  of  components,  are  determined  by  the 
thermodynamic  law  of  variation  for  the  gas  phase  state,  which,  in 
turn,  depends  upon  the  value  of  thermal  flux  and  its  direction 
(from  gas  to  liquid  or  from  liquid  to  gas). 


2.  It  is  established  that  the  value  of  thermal  flux  depends 
upon  gas  phase  dispersion. 


3.  Thermal  energy,  changing  from  liquid  phase  to  gas, 
increases  the  available  energy  of  two-phase  flow  and  reduces  the 
critical  discharge  velocity  and  flow  rate.  Thermal  energy, 
changing  from  gas  phase  to  liquid,  reduces  the  value  of  available 
energy  and  increases  the  critical  discharge  velocity  and  flow 
rate. 
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<M»I  ntrj  y&^'~es*r£* 


Hi  Critical  parameters  of  two-phase  flow  during  discharge 
(pressure  ratio  v*,  velocity  w#,  and.  flow  rate  G#)depend  on  the 
direction  .and -varues  of  thermal  flux  and,  finally,  on  the  dis¬ 
persion  of  gas  phase  (gas  sphere  radi.ua  R);. 
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DYNAMIC  CHARACTERISTICS  OF  A 
COUNTER  FLOW  H EAT  EXCHANGE 
APPARATUS 


V.  I.  Kochurov  and  N.  I.  Tarakanov 


Abbreviations 


ax  -  input: 
sox  -  output 

Heat  exchangers  have  found  Wide  application  in  modern  power 
installations'. 


The  dynamic  properties  of  a  heat  exchanger  which  is  an 
element  in  an  overall  control  system  can  substantially  affect  the 
dynamics  of  the  automated  object.  The  knowledge  of  dynamic 
characteristics  of  heat  exchangers  is  necessary  when  designing 
automatic  control  systems  for  power  installations. 

A  characteristic  peculiarity  of  heat  exchangers  is  the  con¬ 
siderable  effect  of  parameter  distribution  on  the  nonstationary 
processes  of  heat  transfer*  This  situation,  to  a  considerable 
extent,  makes  it  difficult  to  obtain  the  analytical  dynamic 
characteristics  of  the  equipment.  Even  after  the  necessary 
simplifications,  the  dynamics  of  a  heat  exchanger  are  described 
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by  a  system  of  differential  equations  in  partial  derivatives, 
whose  solution  leads  to  transcendental  transfer  functions .  The  use 
of  such  transfer  functions  in  studying  the  dynamics  of  the  object 
oh  analog  modeling  devices  is  not  possible...  Because  of-  this.,,  the' 
problem  is  posed  to  obtain  a  simple  approximate  transfer  function 
for  a  heat  exchanger,,  which  would  allow  us  to  determine:  its. 
transient  processes*.  taking  into  account  the  specifics  of  the: 
physical  processes  occurring,  in  the  object  with  the  necessary 
degree  of  accuracy; 

Various  methods  for  obtaining  an  approximate  transfer 
function  for  a  heat  exchanger,'  are  possible  [1,  2]:. 

In  this  work  we  use  an  approximation  of  the  initial  trans¬ 
cendental  transfer  function  of  the  heat  exchanger  with  the 
application  of  a  method  of  linear  integral  evaluation.  The 
results  of  the  solutions  obtained  are  compared  with  experimental 
data  compiled  from  a  test  of  a  laminated  count erf low  heat  ex¬ 
changer  of  the  GTK-lO  NZL  gaa  turbine  type. 


A  comparison  of  calculated  and:  experimental  dynamic  character¬ 
istics  makes  it  possible  to  establish  the  admissibility  of  the 
solutions  obtained. 


Let  us  examine  a  counterflow  heat  exchanger,  whose  structural 
diagram  is  presented  in  Pig.,  1.  Disturbing  input  actions  are  the 
temperature  of  the  hot  medium  61bx  and  the  temperature  of  the 
cold  medium  G0a  ,  at  heat  exchanger  input;  the  output  parameter  is 
the  temperature  of  the  cold  medium  at  heat  exchanger  output  ^bux* 


In  determining  the  components  of  the  heat  exchanger  transfer 
functions 


Wt(p)* 


P) 


and  1^..  (p)  =» 


wo  make  the  following  ordinary  assumptions. 
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Fig>  It  Structural  diagram 
of  heat  exchangers. 


Let  us  assume^  that  the  physical  constants  of  the:  working 
medium  are  constant,  there  is  no  temperature  gradient  or  velocity 
gradient  in  the  heat  exchanger  sections.,  and  there  is  no  heat 
exchange  along  the,  axis  of  the  heat  exchanger'.  We  shall  further 
assume  that  the  heat  exchanger  is  insulated  and  heat  is  transferred 
from  the  hot  medium  to  the  cold  through  a  dividing  wall.  Also  we 
assume  that  the  heat  exchange  coefficients  in  the  transient 
processes  keep  their  values  equal  to  the  values  during  static 
regimes  and  do  not  depend  on  coordinates ...  Let  us  disregard  the 
thermal  inertia  of  the  medium  in  the  heat  exchanger  channels.  We 
shall  examine  a  single  dimensional  problem  (the  axis  of  the  co¬ 
ordinate  is  directed  along  the  dividing  wall  of  the  heat  exchanger) . 
Under  these  conditions,  for  the  heat  exchanger  element  we  can  set 
up  the  following  system  of  equations  for  thermal  balances: 

-4, )+*,(&, 

where  ,,  =  3*-,  *•-!&• 

Here  0.,,  0g,  0^  are  the  temperatures  of  the  hot  medium,  cold 
medium,  and  dividing  wall,  respectively;  x  -  relative  coordinate 
(0  <  x  <  1);  3  -  flow  rate  of  medium;  F  -  heat  exchange  surface; 
a  -  heat  exchange  factor;  -  weight  of  dividing  wall;  Cp  - 
specific  heat  capacity  of  medium;  -  specific  heat  capacity  of 
wall  material.  Subscript  1  corresponds  to  the  hot  medium  and 
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subscript  2  to  the -cold..  Applying  the  Laplace  transform  relative 
to:  the  variable  t  at  zero  initial  conditions.:  -8^.  (x,  0)  •  6, 

8 2  ( x ,  0)  =  0,  0j'  (x,  0)  =-  0  and  excluding  6^  (x,  ;p),  we  find : 

-  A.ft,  {.<•,/>)  +  Afofrp); 


where 


'!■  •  />r 

j  —  — . -V  i>  .  _  -..f , 

'■  P-¥  p 


.  Next  we  apply  the  Laplace  transform  relative  to  the-  variable 
-X.  under  the  following  boundary-  conditions.:  • 

-when,  x  =  0 

M««(0^M0. />). 


when  x  *  1 


Ms.  P) ■« 


....  (s-A)MO.P),  ..  ...  -  -  B,M0^  -  .; 

s  •—  Aift  ~  .V>8|  ji  —  —  t  All 


Fulfilling  the  Laplace  reverse  transform*,  we  obtain  unknown 
transfer  functions: 

uv  i  /  ,n  ~h&  £>  _  _  fl,  («*»-. f**)  __ . 

'  w ™  :,j  (0,  P )  ~  t”  (*,  4  flj) .»  e*  <*,  r  Bj>  ’  ( 1 ) 

W  2  W  X-U.  P)  (J.~  -(i|  i  «,)«*  '  •' ' 

where  and  s2  are  the  roots  of  the  characteristic  equation: 


_  {A  , -  ft)  s  -  A  ,fla  4*  A  A = 0; 

.  -  +  V  4-  A,B,  -  A,Bi . 


It  can  be  shown  that  the  transfer  functions  do  hot  change 
under  nonzero  initial-  conditions  if  we  consider  deviations  of 
temperatures  from  their  values  during  the  studied  heat  exchange 
regime. 


With  the  aid  of  the,  transfer  functions  obtained  we  can  de¬ 
termine  the  output  parameter  of  the  heat  exchanger  under 

various  disturbing  effects  it)  and  ej-  lt);.  However,  finding 
the  analytical  functional  relationship  between  these  parameters? 
is  very  difficult  as  is  the  use  of  the  dynamic  characteristics 
obtained  during  the  modeling  of  the  transient  processes  of  the 


heat  exchanger.  In  order  to  obtain  the  ordinary  transfer' functions 
of  the  heat  exchanger,  we  shall  approximate-  expressions  (1)  and 
(2)  of  a  transfer  function  of  the  simplest  kind: 


The  parameters  of  this  approximate  transfer  function  are 
found  under  the  condition  that  Wa  (p)  is  equal  to  its  exact  value 
#  (p)  at  extreme  values  of  p  arid  that  the  linear  integral 
evaluations  are  equal  to  the  exact  and  approximate  transfer 
function,  i.e.,  from  the  following  relationships: 


* 


WHP)*W'  <rti 


(3) 


Performing  the  necessary  transformations  according  to 
equalities  (3),  we  obtain  approximate  transfer  functions  of  a 
counterflow  heat  exchanger: 

(H> 

(5) 


\i*»  /  -\  _ „  M  _  • 

w  Ap)  -  txp  - 1  • 

w  {d\  -  ?  *  -  hi- . 
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The  parameters  of  the  transfer  functions  W^p)  and  W2(p)  are 
found  from  the  following  relationships: 


«.  _  gi"(^  -D  .  f  ktN,-N3  . 
1  ’  1  _  Bi"  (e5*1  —  1)  * 

1  T  -=  2  (.y  -  Bfe*'')  N,  -  s,"Nt 


Here 


A,0  — -  ^  s2°=*  + 

»r  »-i*3 —  *l*r  .  ■  *7  (*•  ••  •*•_*!*«  (*>  +  *»)*  . 

*‘V>  —  Y(*t  T  *•<)-  ’  A  2  ~  •;  (7-!  “  Vl)j  (*J*J  —  *«*s)  * 

A's  a  (1—  *  “*)  -f  (jVi  -  Ns)  Bx"e*>'  -  (Nx  -f  Nt)  B?\ 

N<  -  (tf,  H-  AW,0- e‘0  +  (A,.  “  'V,)(l  “  «**•>• 


The  approximate  transfex*  functions  obtained  have  been 
evaluated  on  a  heat  exchanger  of  the  GTK-10  gas  turbine  type. 

An  experiment  for  taking  the  amplitude-phase  frequency 
characteristics  of  a  GTK-10  heat  exchanger  was  carried  out  while  . 
it  was  operating  in  the  gas  turbine  cycle.  Therefore,  from  the 
experiment  we  could  obtain  the  total  frequency  characteristic  of 
the  heat  exchanger  during  the  simultaneous  action  of  two  dis¬ 
turbances:  with  respect  to  0],B><  and  92bx* 

The  constants  of  the  heat  exchanger  in  the  studied  GTU 
operating  regime  had  the  following  values:  =  3.15;  <2  "  ^.9 

1/h;  ic^  =  53.3  1/h;  =  3*90. 

in  determining  the  constants,  the  heat  exchange  factors 
and  c<2  were  found  by  calculations,  using  the  values  for  the  heat 
transfer  factor  of  the- heat  exchanger  obtained  from  the  experiment. 


For  the  studied  operating  regime,  the  following  approximate 
transfer  functions  were  obtained  for  the  heat  exchanger: 


«•/  tn\  __  0-^  .  iv,  ,  v _  -  0,337 

u  i  w  ~  \\bp  -f » •  1  -'■P'  ~~  ies p  + 1 


Figures  2  and  3  present  the  calculated  values  for  the 
amplitude-phase  characteristics  of  the  heat  exchanger  W^dw)  and 
W2(iu)),  plotted  on  the  basis  of  exact  and  approximate  transfer 
functions.  As  is  apparent  from  the  graph,  the  obtained  approximate 
dynamic  characteristics  of  the  heat  exchanger,  in  spite  of  their 
simple  form,  enable  us  to  indicate  very  precisely  the  dynamics  of 
the  processes  in  a  wide  range  of  frequencies.  Figure  M  illustrates 
the  total  frequency  characteristics  of  the  heat  exchanger,  obtained 
with  the  aid  of  expression 


Vi  (iv)  —  ft'*  i  (/•**)  -j- 


V ?,0H 


Fig.  2.  Amplitude-phase  characteristics  with 
respect  to  the  temperature  of  the  cold  medium 
at  heat  exchanger  output  and  the  temperature  of 
the  hot  medium  at  input,  with  constant  temperature 
of  the  incoming  cold  medium: 

□  -  Calculation  according  to  transfer  function 

W1(p),  formula  (1);  A  -  Calculation  according  to 

transfer  function  W?  (p),  formula  (^). 

DESIGNATION:  patf/c^K  =  rad/s. 


221 


1 

- - r— r-  T - 1 - 

(U  *  0tQ5i2  psife* 

— •* 

$ 

i  U)  *  0.0221  p- 

•  .. 

j 

\ 

Y 

_L 

\ 

D 

\A  w*  0.01S2  pallet* , 

i 

S 

\ 

JZ 

1 

w  *0,00217 pallet* 

SC—.y  -  j  t .  .  .  ■  t-  ’  i 

\ 

0,00973 pal  lee*  ' 

wC.ODofS  pallet* 

□ 

-A 

& 

, 

j, 

LJ 

0/0500 pcflcen 

Fig.  3.  Amplitude-phase  characteristics  with  respect  to  the 
temperature  of  the  cold  medium  at  heat  exchanger  output  and 
the  temperature  of  the  cold  medium  at  input  with  constant 
temperature  for  the  incoming  hot  medium: 

□  -  Calculation  according  to  transfer  function  (p), 

formula  (2);  A  -  Calculation  according  to  transfer  function 

w“  (p),  formula  (5).  [pa3/ceK  =  rad/s] 
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Fig.  *1.  Amplitude-phase  characteristics  with  respect  to  the 
temperature  of  the  cold  medium  at  GTK-10  heat  exchanger  out¬ 
put  and  the  temperature  of  the  hot  medium  at  input: 

0  -  Experiment;  □-  Calculation  according  to  transfer  functions 
T  T  ^ 

(p)  and  W2  (p);  A  -  Calculation  according  to  transfer 

functions  (p)  and  (p).  [peS/cen  *  rad/s] 
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The  experimental  frequency  characteristic  is  also  presented 
there..  As  follows  from  the  graph,  a  good  correspondence  between 
calculated  and  experimental  frequency  characteristics  is  obtained. 
The  values  of  exact  and  approximate  frequency  characteristics  also 
agree  well  in  the  examined  frequency  range. 

The  results  obtained  indicate  that  the  simple  approximate 
transfer  functions  found  can  be  used  for  determining  the  transient 
processes  of  heat  exchangers. 
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THE  SIMULATION  OF  WEAK  GRAVITATIONAL 
FIELDS  FOR  STUDYING  HEAT  EXCHANGE 
DURING  BOILING1 


B.  I.  Verkin,  Yu.  A.  Kirichenko., 

Mi  L.  Dolgoiy,  I.  V.  Lipatov, 
and  A.  I.  Charkin 

Abbreviations 

n  -  lift,  bubble,  flow 
c  -  cohesion 
m  -  inertia 
otp  -  detached 
ap  -  critical 
npefl  -  limiting 
n  up  -  critical  flux 

The  study  of  heat  exchange  processes  in  weak  gravitational 
fields,  the  processes  of  boiling  in  particular,  is  a  timely  study 
in  connection  with  the  development  of  new  fields  of  engineering. 

Conditions  of  weightlessness  and  reduced  gravitation  (for 
studying  hydrostatic  and  heat  exchange  phenomena,  etc.)  are  usually 

*P.  S.  Chernyakov  and  V.  L.  Polunin  also  participated  in 
this  work. 
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accomplished  in  laboratories  on  installations  equipped  with 
containers  freely  falling  under  the  effect  of  gravity  [1,  2].  The 
main  disadvantage  of  this  type  of  installation  is  the  extremely 
brief  testing  time,  several  seconds  in  the  best  of  cases.  Under 
these  conditions  it  is  very  difficult  to  study  processes  occurring 
in  liquids  or  in  two-phase  media,  which  require  some  stabilization 
in  time,  for  example,  heat  exchange  processes  during  boiling. 

In  the  Low  Temperature  Physical  Engineering  Institute  of  the 
Academy  of  Sciences,  USSR,  methods  have  been  developed  for 
simulating  the  conditions  of  weightlessness  and  weak  gravitational 
fields,  making  it  possible  to  perform  an  experiment  for  as  long 
a  time  period  as  desirable: 

-  simulation  with  the  aid  of  a  two-dimensional  layer  of 
liquid  in  thin  containers  and  narrow  slits; 

-  simulation  with  the  aid  of  forces  acting  on  a  liquid 
magnet  in  a  nonuniform  magnetic  field. 

1.  SIMULATING  WEAK  GRAVITATIONAL 
FIELDS  WITH  TWO-DIMENSIONAL  THIN 
CONTAINERS1 

In  the  rather  thin  layer  of  liquid  (or  liquid-gas,  liquid- 
vapor  system)  located  in  a  narrow  inclined  slot,  only  the  com¬ 
ponent  of  gravity  directed  along  the  slot  will  affect  the  hydro¬ 
dynamics  and  heat  exchange  processes.  In  this  case,  in  thin  slots 
we  can  simulate  the  conditions  of  weak  gravitational  fields  for 
processes  occurring  in  them  where  the  simulated  acceleration  of 
gravity  g  will  be  equal  to  (Fig.  1): 

.?•=£»  sin?,  (1) 

p 

where  g  =9.81  m/s  is  the  normal  acceleration  of  gravity;  <£  is 
n 

the  angle  of  slot  slope  to  the  plane  of  the  earth’s  surface. 


‘This  method  of  simulation  was  proposed  by  A.  D.  Myshkis  and 
Yu.  A.  Kirichenko. 
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Fig.  1.  Simulation  of  weak 
gravitational  fields  in  thin 
containers : 

Fn  -  Lift,  acting  oh  the  bubble 
F„  -  Cohesive  force  between 
bubble  and  wall;  F^  -  Drag  of 
liquid;  F^  -  inertia;  F^  - 
Surface  tension. 


It  is  convenient  to  conduct  such  studies  in  thin  containers 
with  transparent  walls. 

If  the  detached  diameter  of  the  bubble  Dq  is  compared  with 
the  distance  between  the  side  walls’of  the  container  6  so  that 

(2) 

and  the  bubble  touches  the  side  walls  at  the  moment  of  detachment, 
only  the  component  of  lift  directed  along  the  container  will  affect 
it.  If  tests  are  made  with  a  heater  (for  example,  a  resistance 
heater),  located  an  equal  distance  from  the  walls  of  the  slot,  the 
following  conditions  must  be  fulfilled: 

0Q>~.  (3) 


For  a  correct  study  of  boiling  under  simulation  conditions 
it  is  necessary  that  the  forces  acting  on  the  bubble  be  either 
r.he  same  as  during  boiling  in  a  large  volume  for  a  weak  gravita¬ 
tional  field  equivalent  to  that  simulated  or  be  small  as  compared 
with  the  simulated  lift.  • 

The  following  forces  will  act  on  the  bubble  at  the  moment  of 

Its  detachment  from  the  heater  (see  Fig.  1):  lift  F  ,  inertia  of  « 

the  liquid  F  ,  surface  tension  F^,  drag  Fp,  surface  adhesion 

between  the  bubble  and  the  wall  of  the  slot  F  .  To  evaluate  the 

c 
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applicability  of  the  method.  We  shall  find  the  ratio  of  forces 


v 

i»  *  6 * 


F^  and  Fc  to  lift  Fn: 


n,  -  a. 

•  n 


rr  _  fi  n  =  — 
•  n  rn 


TT  _  FO 
/•«  * 


(4) 


We  can  see  that  when  condition  (3)  is  fulfilled,  the  forces 
acting  on  tne  bubble  will  have  the  following  orders: 


rH  i  r ,  rD^  — jp-  - ; 

^C~~  4r/?03(l  —  cost); 

4 sin  o, 


(5) 


where  p  is  the  density  of  the  liquid;  tq  is  the  time  interval 
from  the  moment  of  bubble  generation  to  its  detachment;  RQ  is  the 
detached  radius  of  the  bubble;  a  is  the  coefficient  of  surface 
tension;  v  is  the  kinematic  viscosity  of  the  liquid;  y  is  the 
contact  angle. 


We  shall  designate  in  terms  of  Rn  and  xn  the  detached 
diameter  of  the  bubble  and  the  time  interval  between  bubble  gen¬ 
eration  and  its  detachment  at  g  »  gn,  using  the  dependence  of 

Rn  on  the  acceleration  of  gravity  [3]:  assuming  the 

u  “n  \Sn  / 

detachment  time  tq,  in  accordance  with  the  formula  of  Pleset  and 

u  _  i 

Zwlck  from  [4],  to  be  xo^Ta  (-p'j  we  obtain  from  (5): 

TT  tt _ 

1  Vffn(sln?)‘'7  ’  !  (sin 

IT  3: (1  —cost)  .  n  9sv 

5  RtPrSa  (sin sp)3'7  *  4  8/?n'nfn(slnf) 


The  first  two  expressions  in  (6)  in  order  are  the  same  as  in 
a  large  volume  [53  (assuming  g  =  gp  sin  <J>)  and  are  not  needed  in 
the  evaluation.  To  evaluate  fl_  and  PI.,  we  assume  =  6/4.  This 

3  4  otp 

is  valid  for  the  evaluation  calculations  of  slots  with  a  thickness 
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i 


♦  T  - 


o'  juvcral  millimeters  since  the  detached  diamotoro  of  bubbles  In 
*i  large  volume  for  the  working  fluids  we  used  (ether  and  water), 
according  to  published  data  [6]  and  tho  results  of  our  tost,  are 
on  the  order  of  one  millimeter  and  more.  The  detachment  time  was 
calculated  from  the  formula  precented  in  reference  [4J. 

Given  the  values  of  the  corresponding  physical  quantities  and 
resuming  K  -  0.5  mm  which  corresponds  to  4  ■  2  mm,  we  obtain  from 

n  ^  o 

condition  <  1  for  ether  and  water  on  glass  sin  4»  <  10  and 

a  in  <  10"\  respectively.  The  contact  angle  for  ether  is  assumed 
to  be  y  »  5°  and  for  water  y  ■  1° .  Evaluations  obtained  from 
condition  <  1  give  even  smaller  values  for  n  ■  g/gn  ■  sin  $. 

Thus,  on  thin  slot3  the  simulation  of  weak  gravitational  fields 
during  boiling  is  possible  up  to  overloading1  on  the  order  of 
r,  -  10“ 3 . 

Experiments  were  made  in  thin  transparent  containers  with  a 
clearance  width  of  1.2-3  mm  on  ethyl  ether,  ethyl  alcohol,  and 
water.  We  studied  the  boiling  crisis,  as  well  as  heat  exchange 
during  nucleate  and  film  boiling  on  platinum  resistance  heaters 
0.05-0.3  mm  in  diameter,  located  in  the  middle  of  the  container 
and  equal  distance  from  its  side  surfaces.  The  heater  served,  at 
the  same  time,  as  a  resistance  thermometer.  The  container  was 
placed  in  a  thermostat  in  which  constant  temperature  was  maintained, 
near  the  saturation  temperature  of  the  studied  liquid.  Data  on 
critical  thermal  fluxes  are  presented  in  Table  1  and  on  Fig.  2, 
where  the  solid  line  indicates  the  relationship  q/qn  „n  ■ 

n  HP  n  Hp 

*  (g/gf1)  Each  point  on  Fig.  2  and  in  Table  1  is  an  average 

value  of  tnree  measurements.  Based  on  the  results  of  approximately 
five  hundred  measurements  of  critical  thermal  fluxes  in  the 
overload  interval  0  <  n  <  1,  the  following  relationship  was  found 
by  the  method  of  least  squares: 


‘The  ratio  of  the  simulated  acceleration  to  the  normal 
acceleration  of  gravity  (n  -  g/gn>  will  be  called  the  “overload.” 


228 


>■■{{;)*>  *  -=0.26  ±  0,01.  (7) 

Taking  into  account  the  earlier  measurements  made  on  nonthermo- 
stated  containers  (approximately  1000  measurements  in  all) 

k  ==  0,24  if  ±  0,01.  (8) 


Fig.  2.  Critical  thermal  flux  versus  modeled 
acceleration  of  gravity: 

0  -  Ether  in  thin  containers;  □  -  Alcohol  in  thin 
containers;  A  -  Water  in  thin  containers;  0  -  Oxygen 
in  a  magnetic  field. 


Thus,  the  obtained  dependence  of  critical  thermal  fluxes  on 
the  acceleration  of  gravity  agrees  well  with  the  familiar 
Kutateladze-Borishanskiy-Zubr  relationships  of  the  hydrodynamic 
theory  of  crises. 
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Table  1.  Critical  thermal  flux  in  tnermostated 
containers  on  platinum  heaters. 


.Vs 

n  n 

To.-.itiima 

sn.K-pa, 

MM 

CM.  _ 

/l.iiyeip 

MM 

(31 

/KitfKocTi. 

W10'* 

_  Alt L  .. 

_9“kp*l0  *i 

im.M* 

(4) 

9«*p 

• 

* 

i 

1.5 

0.05 

{5)3$iip 

4,50 

1,54 

0,34 

0,23 

2 

2 

6.05 

?4inp 

1,13 

2.47 

6.56 

0.2.3 

3 

2 

0.05 

3<{iitp 

3,66 

1.61 

0,44 

0.21 

-  4 

2 

0,15 

3if>iip 

3,44 

1,51 

0,44 

0,28 

5 

2 

0,15 

34'iip 

3,80 

0,97 

0,26 

0.28 

6 

3 

0,05 

34>np 

4.91 

2,20 

0,45 

0,285 

7 

3 

0,05 

3^«p 

3;  84 

2,04 

0,53 

0,26 

8 

3 

0.15 

34>»P 

4,10 

0,97 

0,24 

0,29 

9 

3 

0,15 

3*«p 

3.24 

1,21 

0,37 

0,27 

10 

2 

0,1 

7.40 

4,1 

0,56 

0,22 

11 

2 

0.1 

Cri'pT 

6,15 

2.74 

0,44 

0,25 

12 

•3 

0.15 

CmipT 

5,37 

i  ,5i 

0,28 

0,28 

13 

3 

0.15 

Cm  pr 

5,36 

1,68 

0.31 

0.33 

14 

1.2 

0,1 

(7)  Bona 

4,4 

1,61 

0,37. 

0,29 

15 

2.0 

0.1  * 

Ec.ia 

4.95 

1.97 

0,40 

0,28 

!G 

2.4 

0.1 

Bona 

5,55 

1,78 

0,32 

0,26 

17 

1.8 

0.3 

Boa  a 

5,40 

1.59 

0,30 

6,30 

18 

2.4 

0.3 

Boaa  • 

5,97 

2,12  • 

0,35 

0,29 

19 

3.0 

0.3 

Boaa 

5,95 

2,03 

0,34 

0,26 

20 

1.8 

6,1 

Boaa 

4,75 

1.8 

0,38 

0,30 

KEY:  (1)  Clearance  thickness,  mm;-  (2)  Heater  diameter, 

mm;  (3)  Liquid;  (*0  W/m2;  (5)  Ether;  (6)  Alcohol; 

(7)  Water. 


In  the  case  of  an  underheated  liquid,  when  condition  (3)  is 
not  fulfilled,  the  index  k  in  our  tests  was  considerably  less 
than  0.23. 

The  average  value  for  relative  critical  thermal  ‘"’luxes  during 
weightlessness  is 

J? '.’.'It- o.'38  -  0,02,  (9) 

9ll  Kf 


i iid,  taking  into  account  the  measurements  in  a  nonthermostated 
container,  is 


1S.1SL  ==0,36  ±  C,01. 

9n  kp 


(10) 


1 


.  I 
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Table  2.  Nucleate  boiling  in  thermostated  containers. 


1  tt/it  g*  | 

3c;.h- 

“<:h* 

3330p3, 

MM 

/luaMeip 

Harpcoa- 

Te.i», 

MM 

/KlUKOCIb 

(3) 

?-io*s, 

IrrttM- 

(4‘ 

3/„, 

ipar) 

(7) 

a,.10-4, 

em.M--:pad 
(61  ■ 

5K«). 

:pad 

_&L 

a(«).10“4, 

tm'iM'-ipad 

(6) 

a(n) 

*• 

n 

t rr 

“  (2)  ' 

"'17) 

1 

3 

0.15 

Cniipr 

1,60 

24.5 

0,667 

22,2 

0,71 

1.03 

0,024 

2 

3 

0.15 

Cnitpr 

0,702 

19.7 

0,35 

18,7 

0,37 

1.05 

0.018 

3 

2 

0.15 

6,59 

L7 

0,76 

6.9 

0,86 

1.12 

0,6*3 

4 

2 

o;o5 

3£i<p 

1.81 

25,0 

0.73 

24,9 

0,73 

1,005*0,17 

5 

3 

0,05 

3$np 

2.29 

40.3 

0,57 

39.9 

6.57 

1,0010,17 

6 

3 

0.05 

3i})iip 

1.67 

59,3 

0;43 

37,3 

0,44 

1.01 

0,17 

7 

3 

0.05 

3$Hp 

1.9  , 

40,2 

0,48 

53,6 

0,49 

1.02 

6,17 

8 

3 

0.05 

34>Kp 

1.32 

31,5 

0,42 

29,6 

0,43 

1,08 

0,17 

9 

3 

0.05 

3<j>iip 

2,02 

29,3 

0,69 

30,8 

0.65 

0,946 

0,17 

10 

1.5 

0.05 

3l}>Hp 

0,98 

22,4 

0,4* 

21,8 

0,45 

1,02 

6,17 

11 

1.5 

0,05 

3j)Hp 

1,42 

23,4 

O.C 

22.4 

0,63 

1,04 

0,17 

KEY:  (1)  Clearance  size,  mm;  (2)  Heater  diameter, 

mm;  (3)  Liquid;  (4)  W/m2;  (5)  Deg;  (6)  W/m2*deg; 
(7)  Alcohol;  (8)  Ether. 


Tests  were  made  on  heat  exchange  during  nucleate  boiling  in 
the  overload  range  0.02  <  n  <1.  Certain  data  on  nucleate  boiling 
(11  sets  of  measurements,  3  series  each  with  7  measurements  in 
each  series)  are  presented  in  Table  2.  The  heat  transfer  fa.ctor 
a  during  nucleate  boiling  with  a  reduction  in  the  simulated 
gravitational  field  increases  somewhat.  This  relationship, 
calculated  by  the  method  of  least  squares  based  on  the  results  of 
more  than  200  separate  measurements,  has  the  form: 

*-  1,0!  —0,01  -5*,  0,02  <  ■§■  <1.  (11) 

where  ot  =  a  when  n  =  1. 
n 

With  weak  gravitational  fields  near  weightlessness,  we  can 
not  fix  the  region  of  developed  nucleate  boiling;  following  the 
beginning  of  vaporization,  crisis  sets  in. 


For  film  boiling  the  following  relationship  is  obtained: 


8 


=  0,1S  ■£  0,02; 


0,03  <£<!). 


(12) 
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The  Index  k  in  relationship  (12)  is  less,  than  the  expected 
k  =  0.25-0^3}  obviously,  because  of  the  heat  transfer  through  the 
wall  of  the  container  and  convective  heat  exchange  in  the  liquid 
and  in  the  vapor,  which  does  not  correspond  to  simulation  con¬ 
ditions.  Relationship  (12)  can  be  considered:  the  upper  boundary 
of  the  heat  transfer  factors  during  film  boiling  in  the  studied 
'range  of  acceleration. 

Figure  3  presents  motion  picture  frames  of  the  boiling 
process  on  a  thin  wire  in  the  container,,  located  at  angles  0° 

(n  =  0),  Fig.  3a,  3b,  3c;  20°  (n.  *  0.35),  Fig-  3d';  90°  (n  =  1), 

Rig.  3b.  There  is  an  apparent  tendency  for  the  vapor  bubbles  to 
increase  and  merge  during  a  drop  in  the  overloading. 

Under  weightlessness  simulation  conditions  the  growing  bubbles 
in  the  boiling  process  merge  into  one  vapor  cavity  covering  the 
entire  heater. 

The  same  pattern  is  also  observed  during  the  boiling  of 
liquid  oxygen  in  a  nohuniform  magnetic  field  when  simulating  low 
overloads. 

THE  MODELING  OF  WEAK  GRAVITATIONAL 
FIELDS  WITH  THE  AID  OF  FORCES 
ACTING  ON  A  PARAMAGNETIC  LIQUID 
IN  A  NONUNIFORM  MAGNETIC  FIELD 

This  method  Involves  placing  a  paramagnetic  liquid  (liquid 
oxygen)  in  a  constant  nonunif^rm  magnetic  field  of  such  con¬ 
figuration  that  on  each  elementary  volume  of  the  liquid  there  acts 
a  force  directed  against  the  force  of  gravity  and  fully  (weight¬ 
lessness)  or  partially  (weak  gravitational  field)  compensates  for 
it. 

If  G  =  pi;  V  Is  the  force  of  gravity,  V  is  the  volume  of 
liquid,  F  is  the  force  acting  on  the  liquid  in  the  magnetic  field, 
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GRAPHICS  ILLEGIBLE 


Pig.  3e.  The  boiling  process  in  a 
container  with  various  simulated 
overloads. 


then 


(13) 


We  can  see,  using  [7],  that  for  a  liquid  magnet  in  a  uniform 
magnetic  field 

«=l~2^Xlgrad//*|.  (ill) 

where  H  is  the  intensity  of  the  magnetic  field  and  k  is  the 
specific  magnetic  susceptibility. 


This  method  is  accomplished  in  the  interpolar  vertical 

clearance  of  an  electromagnet  with  the  diameter  of  the  terminals 

4 

200  mm  and  maximum  field  intensity  approximately  10  Oe.  The 
polar  terminals  were  designed  according  to  a  method  similar  to 

m. 


The  profile  of  the  polar  terminals  is  presented  in  Fig.  *1 
where  the  dashes  indicate  the  calculated  configuration  of  the 
terminals,  and  Xq,  Zq  are  the  cutoff  points  of  the  terminal 
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profile.  A  constant  force  compensating  the  force  of  gravity  acts 
in  the  plane  of  symmetry  of  the  terminals  (XY).  The  volume  of 
the  liquid  magnet  bounded  by  coordinates  -z1,  +z1,  x^,  x2,  and  y 
will  be  affected  by  the  unstudied  vertical  components  of  the 
compensating  force,  equivalent  to  relative  overload: 


All 

In 


Aft,  ~  ± 


(*t  T  Jfj)* 


(15) 


An  evaluation  of  all  errors  connected  with  accomplishing  the 

method  shows  that  it  is  possible  to  simulate  weak  gravitational 

fields  with  forces  acting  on  a  liquid  paramagnet  with  an  accuracy 

to  at  least  ±0.01  g  . 

°n 


Pig.  4.  Profile  of  polar 
terminals  of  a  magnet  for 
simulating  weak  gravitational 
fields. 


The  overload  for  vapor  n  during  the  simulated  overload  for 
liquid  can  be  expressed  by  the  formula: 


n„  =.v  --  (l  -  «) 


I  'rn 
I  i  ~  ?o 


/n  -y.  \ 

t  I’ 


(16) 


where  k  and  k  are  the  specific  magnetic  susceptibilities  of 
liquid  and  vapor,  respectively.  The  quantity  nR  differs  insub¬ 
stantial  ly  from  n.  In  the  case  of  weightlessness  for  liquid 
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oxygen  n  *  0,  while  nn  «  2*10  . 

The  most  reliable  method  of  checking  weightlessness  for 
boiling  is  the  neutral  equilibrium  of  a  vapor  bubble  in  the 
studied  region  of  liquid  since  in  order  to  simulate  the  boiling 
process  during  weightlessness,  it  is  obviously  essential  to  ensure 
the  weightless  conditions  for  vapor  bubbles. 

In  studying  heat  exchange  there  will  be  additional  errors 
caused  by  the  dependence  of  magnetic  susceptibility  on  temperature 
and  the  appearance  of  thermomagnetic  convection. 

The  upper  limit  of  simulation  in  a  study  of  boiling  can  be 
found  from  the  relationship: 

nB  (*7) 

where  T  is  the  average  volume  temperature  of  liquid;  0  represents 
the  Curie-Weiss  points;  vr  is  the  volume  of  the  vapor  bubble; 
vM  is  the  volume  between  the  bubble  surfaces  and  the  heater. 

M 

For  liquid  oxygen  when  At  •»  10  deg  nnpefl  »  10  .  Thus,  the 

presence  of  thermomagnetic  convection  does  not  obstruct  the  study 
of  heat  exchange  during  boiling.  However,  thermomagnetic  con¬ 
vection  makes  it  impossible  to  study  convective  heat  exchange  with 
the  chosen  method  of  simulating  weak  gravitational  fields.  The 
relationship  between  the  heat  transfer  factors  for  thermomagnetic 
aM  and  thermal  aT  convections  can  be  written  for  liquid  oxygen  in 
the  form: 

**  ~7'{~o&n)  •  (l8) 

If  we  assume  that  the  study  of  thermal  convection  is  possible 
when  aT  >  a^,  this  gives  the  evaluation  of  limiting  overload  at 
which  it  is  possible  to  study  thermal  convections:  n  >  0.6. 
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Boiling  was  studied  in  a  glass  Dewar  vessel  with  an  internal 
diameter  of  14  mm,  placed  in  the  vertical  clearance  of  the  magnet 
on  platinum  resistance  heaters  with  a  diameter  of  0.05  and  0.1  mm. 
The  heat  transfer  factor  versus  thermal  flux  for  various  overloads 
(n  =  1,  0.64 ,  0.5,  0.3,  o.l,  0.05,  0.04,  0.02,  0.01,  0)  was 
studied.  Data  on  boiling  are  presented  in  Table  3;  some  of  the 
boiling  curves  are  given  in  Pig.  5a  and  5b.  In  addition,  critical 
thermal  flux  versus  the  acceleration  of  gravity  was  studied  (see 
Pig.  2).  The  dependence  of  the  heat  transfer  factor  on  q, 
corresponding  to  convective  heat  exchange  (see  Pig.  5),  as  in¬ 
dicated  above,  is  caused  by  thermomagnetic  convection.  In  the 
area  of  film  boiling  there  is  also  observed  an  anomalous  dependence 
of  a  on  q,  which  is  apparently  connected  with. the  limited  di¬ 
mensions  of  the  working  vessel  in  which  the  study  was  made.  For 
the  area  of  nucleate  boiling,  which  is  simulated  correctly,  we 
can  arrive  at  certain  conclusions  relative  to  the  dependence  of  a 
on  g  and  a  on  q  in  the  region  of  weak  gravitational  fields.  From 
Table  3,  which  presents  data  on  heat  transfer  factors  for  devel- 

ii  ? 

oped  nucleate  boiling,  reduced  to  flow  q  *  4*10  W/m  and  the 
exponent  k  for  relationship  a  =  Aq  ,  it  is  apparent  that  in  weak 
gravitational  fields  for  developed  nucleate  boiling  the  following 
relationship  occurs : 

(19) 

agreeing  with  the  relationship  obtained  under  normal  conditions. 


Concerning  the  heat  transfer  factor  during  nucleate  boiling 
under  conditions  of  weak  gravitational  fields  (0.02  <  n  <  1),  we 
can  only  state  that  it  is  not  less  than  under  normal  conditions. 
Boiling  curves  (see  Fig.  5)  indicate  the  constriction  of  the 
nucleate  boiling  regions  with  a  decrease  in  overload.  When  n  «  0 
there  is  virtually  no  region  of  nucleate  boiling. 


The  dependence  of  critical  thermal  flux  on  g  was  found  in  the 


form 


up 
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Table  3-  Parameters  of  the 
nucleate  boiling  of  liquid 
oxygen  under  conditions 
imitating  weak  gravitational 
fields  in  a  nonuniform  mag¬ 
netic  field. 


n 

k 

nr*  deg 

0,02 

4.5* 

0.7 

0,043 

3.9 

6,88 

0,05 

3,9 

0,86 

0.1 

4,2 

0,64 

0,3 

4,6 

0,88 

0,5 

4*1 

‘  0,75 

0,64 

•  4,2 

0,79 

1 

3,7 

0,8 

•The  value  of  a  corresponds  to 
the  moment  of  crisis  during  a 

thermal  flux  of  3,8*10^  W/m2. 


Fig.  5.  Curves  representing  the  boiling  of  liquid 
oxygen  under  conditions  of  weak  gravitational  fields 
simulated  in  a  nonuniform  magnetic  field. 


in  the  range  0.01  <  n  <  1.  The  limiting  average  value  of  relative 

critical  thermal  flux  when  g  =  0  is  q  /q  =  0.26  i  0.01. 

n  «p  n  kp 


Pig,  6.  Critical  thermal  flux  versus 
the  acceleration  of  gravity  based  on 
data  from  various  authors: 

0  -  Ether  in  thin  container;  A  -  Oxygen 
in  a  magnetic  field;  ■  -  Based  on  data 
from  Mert  and  Clark  [8];  □->  Usyskin 
and  Zigel'  [3];  A  -  Lyon  [9]. 


Figure  6  illustrates  the  relationship  ?i;p=?nKp  (  fe)  and  the 

experimental  points  obtained  by  various  authors  [3,  8,  9]  Including 
the  data  from  our  work.  Data  of  Mert  and  Clark  [8],  who  conducted 
a  very  careful  study  of  the  boiling  of  nitrogen  from  a  copper 
sphere  in  a  falling  container,  has  the  best  agreement  with  our 
dependence  of  q  on  g  in  the  overload  range  0.03  <  n  <  1.  The 

Kp 

elevated  values  of  q  ,  found  by  Usyskin  and  Zigel*  [3]  during 

Kp 

boiling  on  thin  wires  in  water  also  in  a  falling  container 
obviously  are  explained  by  the  insufficient  purity  of  the  weak 


gravitational  fields  and  the  short  testing  time.  Lyon  and 
colleagues  [9],  who  conducted  tests  with  the  simulation  of  low 
overloads  according  to  a  methodology  similar  to  ours  in  a  magnetic 
field  of  a  solenoid,  also  obtained  very  elevated  results  in  the 
region  of  weak  gravitational  fields.  It  is  possible  that  intense 
thermomagnet ic  convections,  caused  by  the  very  large  surface  of 
the  heater,  affected  the  results  in  reference  [93. 

Conclusions 

1.  Methods  were  developed  for  simulating  weightlessness  and 
weak  gravitational  fields  for  studying  the  process  of  boiling  in 
the  overload  range  0.01  <  n  <  1. 

2.  The  relationship  between  critical  thermal  flux  and  the 
acceleration  of  gravity  was  found: 

o,oi  <i<!, 

and  it  agrees  well  with  the  familiar  theoretical  Xutateladze- 
Borishanskiy-Zuber  relationship  [10,  11]. 

3.  According  to  two  methods,  the  limiting  average  value  of 
critical  thermal  flux  when  g  =  0  was  found: 

-2- =  0,30  ±0.05. 

In  the  experiments  we  observed  considerably  lower  values  for 
limiting  critical  thermal  flux  (0.18  q„  „  -0.2  q-  3. 

n  Kp  Kp 

4.  We  have  shown  that  the  value  of  the  heat  transfer  factors 
during  nucleate  boiling  under  conditions  of  weak  gravitational 
fields  is  no  lower  than  it  is  under  normal  eondiw.ns. 

5.  It  was  found  that  the  dependence  of  the  heat  transfer 
factor  during  nucleate  boiling  on  the  thermal  load  under  con¬ 
ditions  of  weak  gravitational  fields  remains  the  same  as  during 
normal  gravitation. 
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6.  With  extremely  weak  gravitational  fields  (g  *  0)  there  is 
virtually  no  region  of  nucleate  boiling  and  after  boiling  begins 
crisis  sets  in. 

7.  During  boiling  in  weightless  conditions  there  is  a  -v 

tendency  toward  the  formation  of  a  single  bubble  which  surrounds 

the  heater. 
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SECTION  II 


THE  HYDRAULICS  OF  TWO-PHASE  FLOW 


FLOW  PULSATIONS  IN  TYPES  OF  STEAM 
BOILERS 


0.  M.  Baldina,  V.  G.  Zinkevich, 

R.  I.  Kalinin,  and  V.  B.  Khabenskiy 

Abbreviations 

3h  -  economizer 
nap  -  steam 
bx  -  input 

BbIX  -  OUtpUt 

A  -  dynamics 
mmh  -  minimum 
bh  -  internal 


Until  recently  test  data  on  stability  conditions  for 
evaporating  parallel  flows  have  been  represented  in  parametric 
form  [1,  2,  33  and  made  it  possible  to  determine  the  necessary 
throttling  of  boiler  pipes  only  for  a  heating  surface  similar  to 
that  studied  with  respect  to  components  and  thermal  conditions. 

In  the  general  case,  it  is  very  difficult  to  determine  the  amount 
of  throttling  necessary  or  the  amount  of  relative  throttling  II: 


n  =» 


S  Aflw* 


(l) 


where  ZAp  is  the  sum  of  the  pressure  drop  at  the  input  unheated 

3  H 


2^3 


•muxroMn  >t**Ast*^*~>*s*+*vr*K&sx*+**r, 


and  economizer  sections;  £Apnap  is  the  same  at  the  evaporator, 
reheater,  and  output  unheated  sections  of  the  pipe. 

Figure  1  is  a  generalization  of  test,  data  on  the  flow 
stability  boundary  in  a  number  of  industrial  and  bench  test  in¬ 
stallations  as  a  function  of  the  value  of  mass  velocity  wy. 

Certain  qualitative  regularities  in  the  form  of  II  =  f(wy)  are 

2 

noticeable  only  at  very  low  values  for  wy  BOO  kg/m  *s,  which  are 
virtually  never  encountered  in  steam  boilers. 

Attempts  to  use  other  parameters  for  the  purpose  of  gen¬ 
eralization  -  pressure,  thermal  load,  output  vapor  content,  etc.  - 
also  have  not  given  positive  results.  Theoretical  methods  for 
finding  the  boundaries  of  the  stability  region  for  the  motion  of 
a  medium  in  steam-generating  pipe  elements,  based  on  the  use  of 
the  theory  of  automatic  control  [4],  have  not  as  yet  reached  the 
level  of  engineering,  design.  Available  physical  concepts  have  not 
sufficiently  explained,  the  phenomena  observed. 

For  these  reasons,  a  stand  was  built  at  the  TsKTI  [Central 
Scientific  Research,  Planning  and  Design  Boiler  and  Turbine 
Institute  im.  I.  I,  Polzunov]  for  studying  pulsations  in  parallel 
pipes  at  pressures  up  to  250  atm  (abs.)  [5].  The  study  of  inter¬ 
pipe  pulsations  on  this  stand  included  a  study  of  the  nature  of 
the  phenomenon  and  the  obtaining  of  experimental  data  in  the  little 
studied  region  of  high  pressures  and  thermal  loads.  We  studied 
first  two  types  of  horizontal  pipe  bundles:  one  of  four  straight 
pipes  026*3  mm,  each  7*5  m  long,  and  one  of  three  coils,  each 
27.5  m  and  with  the  same  diameter.  The  pressure  drop  between  the 
input  and  output  collectors  of  the  pipes  was  kept  constant  by  a 
shunting  system  with  a  large  cross  section.  The  test  pipes  were 
heated  by  steam  (p  =  250  atm  (abs.),  t  =  500-550°C),  passing  into 
the  furnaces  along  an  annular  clearance  between  the  heated  pipe 
and  the  outer  housing.  The  length  of  the  heated  section  was:  for 
straight  pipes  5.0  m  and  for  coils  4  *  5.0  m.  The  stand  operated 


with  a  single-flow  system  and  required  up  to  8  t/h  of  water.  Water 
was  supplied  from  a  high-pressure  pump  (p  *  300  atm  (abs.))  with 
a  temperature  of  100°C  and  was  preheated  in  surface  heat  exchangers 
before  entering  the  test  elements. 


Pig.  1.  Test  data  on  the  stability  boundary  in 
coordinate  H  -  wy: 

1  -  Davidov's  tests,  boiler  p  =  100  atm  (tech.); 

2  -  Kruzhilin's  tests,  boiler  200r35»  p  *  35  atm 
(tech.);  3  -  Semenovker's  tests,  boiler  200-35, 

p  *  35  atm  (tech.);.  4  -  Shmukler's  tests,  VTI 
boiler,  p  *  60-140  atm  (tech.)';  5  -  Golovan's 
tests,  stand,  coils  0  14,  15,  and  17  mm,  p  »  15-50 
atm  (tech.);  6  -  Serov  and  Lezin's  tests,  stand, 
pipe  0  4  mm,  p  *  30-100  atm  (tech.);  7  -  Lavrenev's 
tests  stand,  coils  0  13  mm,  p  =  20-50  atm  (tech.); 
8  -  Valdlna's  tests,  boiler  OKG-lOO-2,  p  =  15-22 
atm  (tech.);  9  -  Fedorov’s  tests,  stand,  pipe  0 
10  mm,  p  =  40-100  atm  (tech.);  10  -  Region  of  the 
authors'  tests,  stand,  coils  0  26  x  3,  28  x  4, 

16  x  3,  straight  pipes  0  26  *  3  mm,  p  *  20-200 
atm  (tech. ) . 


Horizontal  coils  0  28  x  4  and  16  x  3  mm  with  dc  electrical 
heating  from  a  GPN-550-750  transformer,  550  kW  at  a  voltage  of 
85  V,  and  a  vertical  coil  from  pipes  0  26  x  3  mm,  heated  by  steam, 
were  next  installed  on  the  stand  [6],  Diagrams  of  these  coils 
are  presented  in  Fig.  2.  The  horizontal  coils  were  eat.i  24.1  m 
long  and  the  heated  sections  19.6  m  each.  The  vertical  coils 
26.4  m  long  could  be  connected  along  systems  of  II- ,  N-,  and  M- 
shaped  motion  with  the  aid  of  the  switching  provided.  Sections 
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of  each  path  were  heated  for  a  length  of  5.0  m. 

The  pressure  in  the  installation  varied  from  20  to  240  atm 

(tech.).  The  average  thermal  loads  were,  with  electrical  heating, 

q  <  400.10^  kcal/m2«h  and,  with  steam  heating,  up  to  600*10^ 

_  p 

kcal/m  .h.  Underheating  before  boiling  at  water  input  was 
Ai<0  =  5-100  kcal/kgi 


Pig.  2.  Diagram  of  experimental  coils: 
a  -  Horizontal  0  28  4  mm;  b  -  Vertical  0  26  3  nun. 

KEY:  (1)  Throttle  gate;  (2)  Conductor  contact; 

(3)  Annular  chamber;  (4)  Rod  pipe. 

Variable  quantities  -  water  flow  rate  at  input,  dynamic  head 
in  several  cross  sections  along  the  pipes,  and  pressure  drops  in 
their  sections  -  were  established  by  the  N-700  oscillographs  and 
the  single-flow  EPP-09,  whose  signal  was  fed  from  sylphon  sensors 
through  multichannel  electronic  transformers  developed  at  the 
TsKTI. 


Interpipe  pulsations  were  caused  by  a  change  in  the  parameters 
of  the'TToW  in  the  coils  or  by  the  degree  of  pipe  throttling  at 


/ 
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In  tests  using  the  markings  of  a  synchronizer,  combined 
diagrams  were  plotted  showing  the  variations  in  flow  rate  G,  the 
dynamic  head  of  the  flow  on  the  evaporative  part  and  at  output 
from  tne  coil  D,  and  the  pressure  drop  on  its  successive  input, 
heated,  and  output  sections  (Ap  ,  Ap. ,  Ap0,  Ap_,  Ap,.,  Ap  )  for 
tests  with  pulsations  (Pig.  4).  The  combined  diagrams  showed  the 
identity  of  the  relationship  for  horizontal  and  vertical  pipes. 
The  pressure  drop  and  the  dynamic  head  of  the  flow  on  the  water- 
containing  section  always  vary  in  opposite  phase  with  the  corre¬ 
sponding  quantities  measured  in,  the  output  sections  of  the  coil. 
In  the  middle  section  of  the  pipe  these  quantities,  as  a  function 
of  the  regime*  can  have  any  character. 

In  stable  regimes  during  the  forced  multiple  variation  of 
flow  rate,  certain  opposite-phase  variations  of  dynamic  heads  at 
input  and  output  are  also  noted.  However,  with  a  large  deviation 
in  flow  rate  at  input  the  dynamic  head  at  output  finally  changes 
in  the  sume  direction.  With  pressure  near  critical  and  beyond 
critical  all  pressure  drops  on  separate  sections  of  the  coil 
changed  synchronously  with  the  change  in  flow  rate  at  input. 

All  these  peculiarities  of  the  variation  in  dynamic  charact¬ 
eristics  of  flow  along  a  pipe  in  nonstationary  conditions  can  be 
explained  if  we  consider  the  change  in  the  per-weight  capacity  of 
steam-generating  pipes  during  fluctuations  in  their  flow  rate. 
According  to  the  equation  for  the  preservation  of  matter,  flow 
rates  at  input  G  ai.d  at  pipe  output  W  are  connected  by  relation¬ 
ship: 

0  =  UP — (2) 

where  dB/d*r  is  the  change  in  the  per-weight  capacity  of  the  pipe 
in  a  unit  of  time.  With  subcritical  pressure  with  any  small 
decrease  in  flow  rate,  the  fraction  of  space  occupied  by  steam  is 
increased  by  <5G  and  the  per-weight  capacity  of  the  pipe  is 
decreased  by  6B.  This  part  of  the  per-weight  capacity  is  removed 
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from  the  pipe  during  transient  process  t.  If  the  removal  rate  of 
part  of  the  per-weight  capacity  is  assumed  constant,  then 
immediately  after  the  disturbance  the  flow  rate  at  output  will  be: 

Vp  =  a-SG  +  *f.  .  '  (3) 


:  Pig.  4.  Combined  diagrams  showing  variations  of  ■  flow 

I  rate  in  separate  sections  and  pressure  drop  in  the 

■  sections  of  a  vertical  N-shaped  coil: 

»  p  =  96.5  atm  (abs.)j  q  *  345  103  kcal/m2.h;  AiQ  *  34 

1  kcal/kg;  G  -  Plow  rate  at  input;  D1,  D2  -  the  same  at 

the  end  of  the  first  and  third  paths;  ApD.  Apnuiv/  - 

pressure  drop  at  input  and  output  of  unheated  sections; 

Ap^ ,  Ap2,  Ap^  -  the  same  on  consecutive  heated  sections. 

If  j-~-J>6G.  then  flow  rate  at  output  in  this  period  will  be 
greater  than  the  initial  quantity.  In  this  case,  pressure  losses 
in  the  steam-containing  sections  can  increase  by  a  greater  quantity 
than  losses  are  reduced  in  the  section  before  the  start  of  boiling 
and  the  reduction  in  flow  rate  will  continue. 

A  rise  in  the  pressure  drop  in  the  water-containing  section 
increases  flow  stability.  This  condition  is  assumed  to  be 
characterized  by  the  coefficient  of  relative  pipe  throttling  II, 
determined  by  expression  (1). 
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Depending  on  the  dynamic  properties  of  the  system,  greatly 
determined  by  the  inconstancy  of  the  filling  of  the  evaporative 
pipes  per  unit  weight,  the  necessary  value  for  coefficient  n  can 
vary  over  a  wide  range.  The  intensity  of  the  variation  in  the 
per-weight  filling  of  pipes  during  a  decrease  in  flow  rate  at 
input  can  be  characterized  by  the  coefficient  called  the  dynamic 
coefficient  of  capacity: 


(H) 


A  method  for  the  approximate  calculation  of  the  dynamic 
coefficient  of  capacity  is  proposed  in  [5»  6,  73* 

All  test  data  obtained  on  the  stand,  concerning  the  stability 

boundary  of  flow  in  coils,  as  well  as  test  data  from  other  studies, 

were  processed  in  coordinates  II  -  B^.  A  generalized  relationship 

between  the  necessary  relative  throttling  of  the  horizontal  heated 

pipes  (ensuring  the  absence  of  interpipe  pulsations  in  them)  and 

the  dynamic  properties  of  the  progressing  flow  is  presented  in 

Fig.  5.  The  region  of  stable  regimes  is  above  the  limiting  curve. 

The  uniqueness  of  the  relationship  is  disturbed  only  at  low  mass 

2 

velocities  wy  <  500  kg/m  .s,  which  was  approximately  accounted 

for  by  introducing  a  correction  factor  to  the  value  of  the  necessary 

relative  pipe,  throttling,  equal  to  the  ratio  of  mass  velocities 

2 

500/wy  [73*  On  Fig.  5  test  points  at  wy  <  500  kg/m  *s  are  plotted 
with  conversion  of  the  relative  throttling  in  reverse  relationship. 
It  can  be  seen  that  the  coordinate  chosen  made  it  possible  to 
connect  the  experimental  data  obtained  on  various  types  of  test 
installations  and  steam  boilers  under  various  flow  parameters 
considerably  better  than,  for  example,  in  Fig.  1. 

This  generalization  was  used  In  the  new  standards  for 
hydraulic  design.  The  nomogram  of  the  standards  is  presented  in 
Fig.  6.  An  evaluation  of  the  necessary  value  for  the  relative 
throttling  of  evaporative  pipes  n  H,  which  ensures  the  absence  of 


/ 


/ 
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Fig.  5.  Generalization  of  test  data  on  the  stability 
boundary  in  coordinates  n  -  B  ,  (see  Fig.  1  for  designations). 

intercoil  pulsations,  must  be  made  for  single-flow  boilers  at 
minimum  output,  when  the  pressure  of  the  medium  in  the  evaporation 
zone  is  minimum,  and  for  boilers  with  multiple  forced  circulation, 
at  maximum.  For  pipes  with  an  orientation  other  than  horizontal’, 
the  function  of  the  standards  can  be  applied  when  the  fraction  of 
level  pressure  drop  in  them  does  not  exceed  10-2055  of  the  full 
pressure  drop. 


Fig.  6.  Nomogram  for  deter¬ 
mining  the  necessary  relative 
throttling  of  horizontal 
pipes . 


With  a  considerable  fraction  of  the  level  component  in  the 
total  pressure  drop  and  a  strong  throttling  of  flow  at  input  or 
output  sections,  a  .more  successful  generalization  of  test  data  is 
possible  in  the  coordinates  II  -  -  K  [18],  where 

■<  (5) 

■Via,  ~  a 

Vu <2  -  pressure  drops  in  throttle  devices  at  input  and  output 
from  the  pipes;  Ap  ,  Ap_,lv  -  the  same  in  the  input  and  output 

B  X  BblX 

unheated  sections;  Ap-  -the  same  in  the  economizer  section.. 

However,  a  further  refinement  of  the  standard -method  of 
determining  the  value  of  II  necessary  for  providing  flow  stability 
in  a  system  of  boiler  pipes  is  desirable  with  a  more  detailed 
study  of  the  effect  of  initial  parameters  on  the  stability  boundary 
and  the  mechanism  of  the  nonstationary  process  in  a  steam-generating 
pipe.  Nevertheless,  an  experimental  determination  of  the  propa¬ 
gation  of  a  disturbance  along  a  pipe,  the  rate  of  change  in  the 
mass  capacity  in  its  separate  sections,  the  role  played  by  the 
heat-retaining  metal  of  the  power  pipe,  and  other  questions  is 
extremely  difficult  and,  in  a  number  of  cases,  impossible.  In 
order  to  clarify  these  problems  and  the  effect  on  the  stability 
boundary  of  individual  parameters,  a  method  of  mathematical 
modeling  was  used. 

A  mathematical  model  describing  a  process  is  a  system  of 
equations  in  partial  derivatives,  expressing  the  laws  of  conser¬ 
vation  of  energy,  mass,  and  momentum  in  single-phase  and  two-phase 
flows  and  the  heat  conductivity  equation  for  the  metal  of  the 
pipe. 


Considerable  attention  was  given  to  the  selection  of  the 
experimental  relationships  necessary  for  completing  the  basic 
differential  equations  since  they  have  a.  substantial  effect  on  the 
course  of  the  nonstationary  process.  For  example,  for  the  pressure 
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steam  content  a  formula  was  used  which  approximates  the  experi¬ 
mental  data  generalized  in  the  hydraulic  design  standards  for 
steam  boilers  with  high  accuracy;  for  the  coefficient  of  friction 
in  a  single-phase  flow  the  relationship  obtained  in  [9]  was  used, 
which  is. valid  for  a  wide  range  of  Reynolds  numbers.  The  re¬ 
sistance  of  friction  in  a  two-phase  flow  was  calculated  according 
to  the  formula  for  homogeneous  two-phase  flow  with  a  factor  taking 
into  account  the  relationship  obtained  in  the  standards  between 
losses  in  actual  arid  homogeneous  flows.  On  the  basis  of  reference 
[10],  this  coefficient  was  defined  as  a  function  of  the  Re  number 
and  the  ratio  of  two-phase  flow  density  to  water  density  on  the 
saturation  line  at  a  given  pressure. 

For  the  most  accurate  quantitative  description  of  the 
pulsation  process  and  for  tracing  the  change  in  parameters  over 
time  and  along  the  pipe,  the  initial  system  of  equations  in 
partial  derivatives  was  numerically  integrated  on  an  electronic 
computer.  To  solve  equations  in  partial  derivatives  the  method  of 
straight  lines  was  used,  with  which  the  derivative  with  respect  to 
time  was  retained  and  the  derivative  with  respect  to  the  spatial 
coordinate  was  replaced  by  finite  differences.  The  obtained  system 
of  high-order  ordinary  differential  equations  with  substantial 
nonlinearities  was  solved  by  the  Runge-Kutta  method  of  the  fourth 
order. 

The  presence  of  slippage  in  two-phase  flow,  the  nonuniformity 
of  the  thermal  load  along  the  pipe,  and  the  need  to  accurately 
account  for  the  level  component  of  pressure  drop  determined  the 
selection  of  the  most  convenient  system  of  coordinates  in  which 
the  equations  were  presented.  The  economizer  section  was  described 
by  equations  in  Lagrange  coordinates  and  the  evaporative  sections 
in  Euler  coordinates.  Moreover,  such  a  representation  made  it 
possible  to  eliminate  the  jump  in  velocity  which  occurred  during 
the  use  of  only  the  Euler  system  of  coordinates. 


The  numerical  integration  of  the  mathematical  model  was 
accomplished  on  a  M-220  computer. 

The  methodology  used  to  derive  the  pulsation  model  was  similar 
to  the  methodology  applied  in  the  test.  Under  determined  initial 
conditions  and  a  large  initial  flow  rate,  the  pressure  drop  between 
the  collectors  slowly  decreased,  i.e.,  imitating  the  reduction  in 
flow  rate  in  a  system  of  parallel  pipes.  The  pressure  drop  de¬ 
creased  until  the  model  went  into  flow  pulsation  in  the  pipe,  after 
which  flow  rate  pulsations  were  fixed  at  a  constant  pressure  drop 
between  the  collectors.  When  the  boundary  of  instability  was 
reached,  a  small  reduction  in  flow, rate  led  to  a  considerable  in¬ 
crease  in  pulsation  amplitude.  At  a  considerable  amplitude  the 
flow  rate  pulsations  had  a  pronounced  nonlinear  character  as  in  the 
experiments . 

The  computer  calculation  program  made  it  possible  to  change 
at  any  instant  the  throttling  at  input  and  output,  the  thermal 
load,  and  the  underheating  of  the  water  at  pipe  input. 


Fig.  7.  Variation  over  time  in  mass  velocity  at 
pipe  input  in  the  pulsation  process: 

-  experiment;  -  theory; 

—  o  p 

1  -  for  test  conditions  q  »  355  *  10  kcal/m  »h, 
t  =  28iJ°C,  p  *  57-8  atm  (abs.)j  2  -  for  test 
conditions  q  »  191-5  x  10^  kcal/m^*h,  t  »  270°C, 
p  *  100  atm  (abs . } . 


The  theoretical  solutions  obtained  were  compared  with  test 
data  provided  on  the  stand.  A  good  correspondence  between  theory 
and  experimental  results  was  achieved  both  with  respect  to  the 
values  of  average  mass  velocity  at  which  pulsations  occur  and  with 
respect  to  their  period.  Figure  7  presents  examples  of  a 
theoretical  and  experimental  comparison  for  flow  rate  fluctuations 
in  the  coil  0  28.  *  4  illustrated  in  Fig.  2.  The  study  of  pulsa¬ 
tions  using  mathematical  modeling  is  very  effective  when  it  is 
necessary  to  illustrate,  in  pure  form,  the  effect  of  one  of  the 
parameters  on  the  stability  boundary.  During  a  change  of  one 
parameter  the  others  can  be  maintained  within  strictly  prescribed 
limits. 

Theoretical  study  of  the  effect  of  a  specific  thermal  load 
on  the  stability  boundary  has  shown  that  with  its  variation  during 
constant  underheating,  pressure,  throttling,  and  pipe  geometry, 
mass  velocity,  which  corresponds  to  the  pulsation  boundary, 
changes  almost  proportionally.  The  slight  deviation  from  the  law 
of  direct  proportionality  is  explained  by  the  fact  that  with  an 
increase  in  flow  rate  the  ratio  of  the  coefficients  of  friction  in 
real  and  homogeneous  two-phase  flows  is  reduced.  This  leads  to  a 
reduction  in  the  relative  portion  of  the  evaporative  section's 
resistance  in  the  total  drop  in  the  pipe  and  somewhat  improves 
flow  stability.  Thus  with  an  increase  in  thermal  loading,  for 
example,  by  a  factor  of  k,  boundary  mass  velocity  increases  by  a 
factor  of  Ak.  A  study  of  the  effect  of  this  phenomenon  on  the 
stability  boundary  has  shown  that  in  the  range  wy  =  300-1500 
kg/m  *s  the  coefficient  A  lies  within  0.9  <  A  <  1. 

Such  regularity  for  the  effect  of  thermal  loading  is  explained 
by  the  fact  that  the  mass  capacity  of  the  pipe  is  kept  constant 
during  a  synchronous  change  in  wy  and  q  and  completely  confirms 
the  connection  between  the  value  of  and  the  stability  boundary 
[5,  7].  A  comparison  of  the  ratios  of  specific  thermal  loads  and 
boundary  mass  velocities  for  a  series  of  tests  conducted  on  the 
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stand  at  near  values  f^r  the  other  parameters  is  presented  in 
Table  1. 


Table  1. 
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KEY:  (1)  atm  (abs.)j  (2)  kcal/kg;  (3)  kcal/m2*h; 

2 

(4)  kg/m  *s;  (5)  Type  of  element;  (6)  Horizontal  coil; 
(7)  Ditto;  (8)  Vertical  pipe. 


To  study  the  effect  of  pipe  diameter  on  the  stability  boundary 
calculations  were  made  for  pipes  with  internal  diameters  of  10, 

20,  and  40  mm.  Thermal  loads  were  selected  so  that  the  output 
vapor  content  per  unit  weight  in  the  initial  state  was  identical 
in  all  three  pipes.  Accordingly,  the  specific  thermal  load  for  a 
pipe  with  internal  diameter  20  mm  was  greater  by  a  factor  of  two 
and  for  a  pipe  with  internal  diameter  of  40  mm  was  greater  by  a 
factor  of  four  than  for  a  pipe  with  internal  diameter  of  10  mm. 

All  the  remaining  parameters  (pressure,  underheating,  throttling 
at  input  and  output,  pipe  length)  were  kept  constant.  Theoretical 


solution  has  shown  that  under  these  conditions  the  effect  of  the 
diameter  on  the  stability  boundary  is  not  substantial  (Pig.  8). 


Pig.  8.  Variation  in  the  ratio 
of  boundary  mass  velocities  in 
pipes  of  various  diameters  to 
that  in  a  pipe  0  20  mm  under 
identical  initial  vapor  content 
per  unit  weight,  pressure, 
underheating,  and  pipe  length. 

The  validity  of  this  conclusion  was  checked  theoretically  for 
various  initial  combinations  of  parameters.  The  insignificant 
increase  in  the  boundary  mass  flow  rate  with  an  increase  in  pipe 
diameter  is  connected  with  the  change  in  the  coefficient  of 
resistance  during  a  change  in  diameter.  Thus,  we  can  assume  that 
the  effect  of  pipe  diameter  on  the  stability  boundary  is  manifest 
only  in  terms  of  the  thermal  load,  i.e.,  flow  stability  does  not 
change  if  with  a  change  in  diameter  the  specific  thermal  load 
changes  proportionally  or,  in  other  words,  the  dynamic  coefficient 
of  capacity  is  kept  constant.  If,  however,  during  a  change  in 
diameter  the  specific  thermal  load  remains  constant,  an  increase 
in  pipe  diameter  will  decrease  the  boundary  value  of  mass  velocity. 
All  other  parameters  are  assumed  constant.  This  regularity  is 
confirmed  by  experimental  data  obtained  on  the  stand  during  a 
study  of  horizontal  coils  with  two  diameters  (Table  2). 

Theoretical  studies  have  also  shown  that  the  effect  of  pipe 
length  on  the  stability  boundary  during  constant  parameters  is 
also  manifested  in  terms  of  the  specific  thermal  load.  Thus,  for 
example,  with  an  increase  in  pipe  length  by  a  factor  of  k  and  a 
corresponding  decrease  in  the  specific  thermal  load  the  pulsation 
boundary  shifts  insignificantly  toward  a  flow  rate  increase.  The 
pulsation  period  grows  significantly. 
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KEY:  (1)  atm  (abs.)i  (2)  kcal/kg;  (3)  kcal/m2*h; 
(^ )  kg/m2.s. 
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STABILITY  OF  STEAM- WATER  FLOW  IN 
A  HEATED  PIPE  IN  A  SINGLE- LOOP 
SYSTEM 

G.  G.  Treshchev 

Abbreviations 

6  -  container 
h  -  boiling 
Tp  -  friction 
bx  -  input 
Bbix  -  output 

In  a  number  of  cases,  a  heat  exchanger  in  which  heat  exchange 
occurs  with  phase  transition  is  connected  to  a  straight-through 
single-loop  system,  which  can  be  represented  schematically  in  the 
following  manner. 
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Prom  tank  1  (Fig.  1),  in  which  constant  pressure  is  main¬ 
tained,  liquid  moves  through  throttle  2  with  strong  throttling, 
container  3,  and  throttle  4  with  weaker  throttling,  into  section 
5  where  heat  exchange  occurs  with  phase  transition.  Then  the 
steam-water  flow  (or  steam)  through  the  unheated  section  of  the 
loop  6  and  8  and  chokes  7  and  9  moves  to  tank  10  in  which  constant 
pressure  is  also  maintained. 

In  spite  of  the  very  strong  throttling  of  flow  in  throttle  2, 
self-oscillations  of  steam-water  flow  can  occur  in  such  a  loop. 

The  possibility  of  oscillations  is  brought  about  by  the  presence 
in  front  of  the  heated  section  of  container  3  with  a  medium  which 
has  a  compressibility  of  a  sufficient  magnitude  [1,  2].  Then  with 
relatively  small  oscillations  of  pressure  in  the  boiling  zone  and 
low  resistance  for  throttle  4  the  flow  rate  of  the  liquid  entering 
the  heated  section  can  change  considerably  and  flow  oscillations 
can  occur. 

Let  us  examine  what  parameters  of  the  system  are  important 
in  order  that  strong  throttling  at  input  not  affect  oscillation  of 
the  flow  in  the  heated  part  of  the  loop.  We  shall  write  the 
equation  of  motion  for  zone  I,  which  is  indicated  by  the  dashes 
in  Fig.  1.  Zone  I  begins  at  container  3  and  ends  at  the  flow 
boiling  boundary.  After  integration  of  the  equation  of  motion 
with  respect  to  the  coordinate  along  the  loop  (for  simplicity  let 
us  assume  a  system  arranged  horizontally  and  disregard  the  pressure 
losses  from  water  expansion  in  the  heated  part  of  the  loop),  we 
obtain: 

Pt— P*™  j  v  V*.  *  (-1-) 

where  G  =  pw  is  mass  velocity;  pg  is  pressure  in  container  3> 
pu  is  pressure  in  the  boiling  zone;  lu  is  the  length  of  the 
channel  from  the  container  to  the  beginning  of  flow  boiling; 

ApTp  is  the  pressure  loss  from  friction,  involving  the  resistance 
of  throttle  4. 
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For  an  analysis  of  system  behavior  at  the  stability  boundaries 
we  can  limit  ourself  to  small  deviations  of  flow  from  stationary 
flow. 


For  small  deviations ,  equation  (1)  is  written  as 

(2) 

with  which  it  is  assumed  that  AG  does  not  change  along  the 
coordinate;  in  this  case. 


We  shall  write  here  the  equation  of  continuity  for  container 
3;  in  it  flows  a  quantity  of  liquid  FGQ;  this  quantity  is  constant 
since  it  is  determined  by  the  drop  at  throttle  2,  which  is  very 
large  and  during  small  pressure  oscillations  in  the  boiling  zone 
and  in  the  container  can  not  vary  noticeably  (pressure  up  to 
throttle  2  is  constant).  From  container  3  flows  a  quantity  of 
liquid  FG  (this  flow  rate  is  constant  per  length  l  ),  consequently, 

n 

0o“0=ap6*^it  (3) 

where  p6=a_  let  us  call  this  quantity  the  total  compressi¬ 

bility  of  the-  examined  part  of  the  system;  V  is  the  volume  of  the 
container  per  unit  cross  section  of  the  pipe. 

Taking  into  account  the  constancy  of  the  flow  rate  at  input 
to  the  container  (3),  during  small  deviations  we  obtain  from 
relationship  (3): 


Substituting  this  value  of  flow  rate  into  the  equation  of 
motion  (2),  we  find 

•V*  —  ^P%  ■»  “  ~ 
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(4) 


Solution  to  this  equation  is  found  in  quadratures  and  is 


■V* 


Aft* 


/)</«. 


Substituting  the  value  of  Apg  into  the  equation  of  motion  (2) 
and  solving  relative  to  AO,  we  obtain 


X 


(5) 


Hence  it  is  apparent  that  when  the  quantity  /*?«)/( 
is  great,  the  first  term  in  brackets  can  be  disregarded;  then  for 
a  deviation  of  flow  rate  from  the  stationary  values,  the  following 
expression  is  obtained: 

AO— - (6) 

* 

where  a=-vL. 

'k 

From  relationship  (6)  it  is  apparent  that  the  change  in  flow 
rate  Js  determined  only  by  the  pressure  oscillations  in  fcne  boiling 
zone  and  the  value  of  the  resistance  of  the  system’s  input  section: 

=  (*  -t’  5 

where  c  is  the  coefficient  of  resistance  of  the  throttle  (4); 
i  is  the  coefficient  of  resistance  of  a  pipe  with  length  l  and 
diameter  d. 
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The  value  of  throttling  before  container  3  does  not  have  a 
noticeable  effect  on  the  change  in  flow  rate  AG. 

To  check  this  experimentally  we  use  a  single-loop  system 
consisting  of  the  following  elements.  Used  as  tank  1  (see  Fig.  1) 
was  a  boiler  of  an  experimental  heat  and  power  plant,  giving  steam 
at  a  pressure  of  300  bar  and  a  temperature  of  600°C.  A  study,  of 
pulsations  was  made  at  a  pressure  of  50  bar.  Therefore,  after 
cooling  the  steam  in  pipe  heat  exchangers,  it  was  throttled  by 
throttle  2  from  300  to  50  bar.  Then  container  3  with  a  capacity 
of  23  l  was  connected  to  the  system.  The  container  was  filled 
with  a  steam-water  mixture,  which  after  cooling  entered  the  heated 
section  5.  The  container  was  connected  with  the  section  of  pipes 
having  an  internal  diameter  of  11  mm  and  a  length  of  5*06  m,  which 
then  changed  into  a  pipe  with  diameter  8  mm  and  a  length  of  0.5  m. 
The  heated  section  was  made  of  pipe  with  a  diameter  of  12  *  8  mm 
and  a  length  of  2.4  ra.  It  was  heated  by  dc  current  from  an 
ASD-50  motor  generator.  This  section  was  arranged  vertically  and 
the  water  fed  into  it  from  the  bottom. 

Behind  the  heated  section  the  following  were  connected  in 
series:  a  section  of  pipe  0  8  mm  and  0.38  m  long,  a  section  of 
pjpe  0  11  mm  and  2.62  m  long,  a  throttle  ring  0  3  nun,  a  section  of 
pipe  0  11  mm  and  24.82  mm  long  and  then  a  cooler  in  which  the 
steam-water  mixture  was  condensed  and  cooled  -  two  lines  of 
pipe  0  11  mm  and  17.6  m  long.  On  the  end  of  the  single-loop 
system  was  a  throttle  9  in  which  the  pressure  was  reduced  to 
atmospheric  (in  tank  10). 

The  resistance  between  the  input  end  of  the  heated  section 

p 

and  the  container  was  approximately  20,000  N/m  with  a  mass 
velocity  of  water  550  kg/m^*s.  The  quantity  +  S  v)  was 
equal  to  72  m/s. 

The  value  of  total  compressibility  of  the  medium  in  the 
volume  of  the  container,  expressed  by  formula  % - was 
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0.3  s  /m.  The  value  of  the  product  of  $«*{?.-.  was  22.  Consequently, 
the  pressure  oscillation  in  the  container  was  considerably  less 
than  in  the  heated  section  and  its  variation  can  be  ignored. 

During  pulsations  the  pressure  oscillations  in  the  boiling  zone 
did  not  exceed  4  bar.  It  is  clear  that  the  flow  rate  of  water 
entering  the  container,  determined  by  the  drop  of  250  bar  in 
throttle  2,  was  virtually  constant. 

Thus,  in  our  single-loop  system  the  small  self-oscillations 
were  determined  by  the  input  conditions  after  container  3; 
however,  throttle  2  had  no  noticeable  effect  on  flow  stability. 

To  investigate  the  characteristics  of  the  transition  of 
stationary  flow  to  pulsating  flow,  the  above  described  experi¬ 
mental  installations  was  equipped  with  IDT  quick-response  induction 
pressure  gauges.  One  gauge  was  installed  0.05  m  in  front  of  the 
heated  section  and  the  other  0.05  m  behind  the  heated  section. 

The  temperature  of  the  water  flow  at  input  was  measured  by 
a  quick-response  thermocouple.  The  thermocouple  was  made  of 
chromel-alumel  wire  0.2  mm  in  diameter,  placed  in  a  sleeve  0.8  mm 
in  diameter.  The  hot  junction  of  the  thermocouple  and  the  bottom 
of  the  sleeve  was  a  single  unit.  The  emf  arising  in  the  thermo¬ 
couple  was  intensified  by  a  photoamplifier. 

Electrical  signals  from  the  pressure  gauges,  thermocouples, 
and  the  heated  current  of  the  section  (voltage  drop)  were  recorded 
with  a  N-105  oscillograph.  Along  with  the  recording  on  the 
oscillograph,  a  recording  of  the  parameters  of  the  stationary 
regimes  preceding  the  regimes  with  pulsations  was  made.  The 
transition  to  pulsations  was  accomplished  either  by  an  increase 
in  the  thermal  load  through  an  abrupt  jump  (by  3-30?)  or  by  an 
increase  in  the  temperature  of  the  water  entering  the  heated 
section. 
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Figure  2  presents  the  oscillograms  obtained.  If  the  flow  is 
far  from  the  stability  boundary,  an  increase  in  thermal  load  brings 
about  an  increase  in  pressure  in  the  boiling  zone,  which  then 
drops  to  a  stationary  value  (Fig.  2a);  oscillations  do  not  arise. 

If  flow  is  in  a  stable  region  and  near  the  stability  boundary, 
with  an  abrupt  increase  in  thermal  load  attenuating  oscillations 
will  occur  (Fig.  2b).  If,  finally,  flow  is  so  near  the  stability 
boundary  that  the  increase  in  thermal  loading  brings  about  its 
transition  into  the  unstable  region,,  stable  self-oscillations  will 
arise  in  the  flow  (Fig.  2c). 

An  increase  in  thermal  loading  causes  the  additional  formation 
of  steam  in  the  zone  of  the  heated  section;  this  leads  to  an 
increase  in  pressure.  The  pressure  impulse  affects  the  flow;  the 
entrance  of  water  into  the  heated  zone  decreases  and  the  output 
of  the  steam-water  mixture  increases. 

The  more  the  flow  is  throttled  at  input  and  the  less  at  out¬ 
put,  the  less  the  flow  rate  will  change  at  input,  the  more  in¬ 
tensely  the  steam  will  be  removed  from  the  heated  section,  and  the 
more  slowly  the  pressure  will  grow  in  the  boiling  zone.  As  is 
apparent  from  a  comparison  of  the  oscillograms  in  Fig.  2a  and  2b, 
as  the  stability  boundary  is  approached,  the  rate  of  pressure 
growth  increases  and  the  pressure  impulse  grows;  this  leads  to  a 
stronger  deviation  of  flow  from  stationary.  Oscillations  occur, 
but  they  are  attenuating  if  the  dissipation  energy  for  the  os¬ 
cillation  period  is  greater  than  the  input  of  additional  energy  as 
compared  with  the  stationary  flow.  With  a  further  increase  in 
loading  the  energy  flux  into  the  flow  for  each  oscillation  in¬ 
creases;  this  increased  energy  input  fully  compensates  energy 
dissipation  and  the  oscillations  become  nonattenuating  (Fig.  2c). 
How  oscillations  arise  in  flow  during  a  disturbance  (growth)  in 
water  temperature  at  input  is  shown  on  Fig.  2d. 


Prom  the  oscillograms  it  is  apparent  that  when  at  a  given 
flow  rate,  pressure,  and  thermal  loading,  flow  temperature  reaches 
a  certain  level,  oscillations  arise  which  increase  with  a 
further  rise  in  temperature.  If  the  temperature  increases  even 
more,  the  oscillations  disappear;  this  begins  at  the  moment  the 
water  temperature  approaches  saturation  temperature  (underheating 
less  than  2°C ); 

It  should  be  noted  that  oscillations  can  arise  not  only  with 
an  increase  in  loading  but  also  with  a  decrease  in  loading  (Fig. 
2e).  The  oscillograms  showed  that  this  is  connected  with  the 
reduction  in  pressure;  this  occurs  due  to  a  decrease  in  vapor 
formation  and  thus  a  decrease  in  pressure  loss  from  friction  in 
the  output  section  and  the  throttle. 

Of  course,  a  reduction  in  pressure,  as  a  disturbance  in  the 
thermal  flux,  can  also  cause  oscillation  (Fig.  2f). 

Thus,  at  the  stability  boundaries  a  disturbance  of  any  of  the 
regime  parameters  can  lead  to  the  occurrence  of  self-oscillations 
in  the  flow. 

A  series  of  tests  were  made  at  constant  pressure  and  flow 
rate  and  various  underheatings  from  2  to  35°C.  With  a  change  in 
underheating  in  these  limits  during  loadings  which  are  greater 
the  greater  the  underheating,  pulsations  whose  period  changes 
arise;  with  an  increase  in  underheating  the  period  grows. 

However,  this  connection  is  not  monotonic.  Figure  3  presents  the 
values  of  the  square  of  the  oscillation  period  as  a  function  of 
the  vapor  content  of  the  flow. 

The  circles  on  Fig.  3  indicate  tests  in  which  the  transition 
to  pulsation  regimes  was  accomplished  by  a  disturbance  of  thermal 
loading,  and  the  triangles  indicate  the  same  accomplished  by  a 
disturbance  of  water  temperature  at  input  to  the  heated  section. 
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Pig.  3.  The  square  of  the  oscillation 
period  versus  the  vapor  content  of  the 
flow. 


In  the  first  approximation  we  can  assume  that  the  oscillation 
period  does  not  depend  upon  which  parameter  is  measured  for 
oscillation  disturbance:  thermal  loading  or  water  temperature  at 
input.  The  spread  in  points  with  a  low  value  of  vapor  content  is 
caused  by  the  low  accuracy  in  this  region  for  both  the  values  of 
vapor  content  and  oscillation  periods.  The  character  of  the  curve 

O 

x  *  f(x)  -  the  presence  of  a  maximum  -  is  connected  with  the 
fact  that  the  pressure  Increase  in  the  boiling  zone  occurs  more 
slowly  (the  period  is  greater)  the  greater  the  total  compressibility 
of  the  zone  and,  consequently,  the  less  the  vapor  content  of  the 
flow.  On  the  other  hand,  the  pressure  increase  is  connected  with 
the  rate  of  steam  removal  from  the  zone  II  (see  Pig.  1),  and  it  is 
less  the  greater  the  resistance  of  the  output  throttle  and, 
consequently,  the  greater  the  vapor  content  of  the  flow. 

It  should  be  noted  that  the  oscillation  period  can  change 
somewhat  as  a  function  of  the  pressure  oscillation  amplitude: 
with  an  increase  in  amplitude  it  increases  somewhat  (for  example, 
with  an  increase  in  amplitude  from  1  to  2.8  bar  the  period 
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increases  from  24  to  26  s).  The  amplitude,  however,  of  the 
oscillations  grows  with  an  increase  in  the  abrupt  jump  of  the 
parameter,  which  is  caused  by  a  disturbance  in  the  flow. 

j 

Thus,  in  a  single-loop  system  self-oscillations  can  arise; 
this  occurs  when  the  total  compressibility  of  the  medium  in  the 
part  of  the  system  in  front  of  the  heating  zone  is  sufficiently 
great.  A  large  value  for  the  product  of  the  coefficient  of  input 
section  resistance  times  the  total  compressibility  of  the  input 
part  of  the  system  kDV$  determines  the  possibility  of  pulsations 
and,  on  the  contrary,  a  low  value  for  this  quantity  in  the  presence 
of  considerable  throttling  at  input  ensures  flow  stability.  In 
the  experimental  Installation  described  this  criterion  was  22 
seconds. 
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THE  HYDRODYNAMICS  OF  TWO-PHASE 
NONEQUILIBRIUM  FLOWS 


Ye.  I.  Nevstruyev,  D.  A.  Khlestkin, 

T.  T.  Antidze,  and  G.  M.  Dvorina 

In  most  modern  steam-generating  installations  water  heated 
considerably  less  than  saturation  temperature  is  fed  to  input. 

With  large  thermal  loads  at  comparatively  short  distances  from 
input  in  the  heated  channel  surface  boiling  begins.  As  tests  have 
shown,  the  steam  forming  on  the  heat-transferring  surface,  even 
with  considerable  underheating,  does  not  condense  directly  on  the 
surface  but  penetrates  the  region  of  underheated  liquid  and  is 
entrained  by  the  flow.  Due  to  the  fact  that  vapor  condensation 
does  not  occur  instantaneously,  but  at  a  finite,  frequently  rather 
slow,  rate,  two-phase  flow  is  thermodynamically  unbalanced.  Such 
flow  is  a  mixture  of  vapor  and  underheated  water;  the  greater  the 
vapor  and  the  greater  the  average  underheating  of  liquid  phase 
with  the  same  value  for  relative  flow  enthalpy  x,  determined 
according  to  the  heat  balance,  the  greater  the  degree  of  thermo¬ 
dynamic  nonequilibrium. 

Furthermore,  the  process  of  vapor  formation  is,  in  essence, 
a  nonstationary  process  and  is  characterized  by  variable  values  of 
basic  parameters.  Because  of  this,  the  processes  in  steam¬ 
generating  pipes  should  be  studied  not  only  by  measuring  the 


average  values  of  flow  parameters  but  also  by  the  simultaneous 
recording  of  variations  in  these  parameters  over  time. 

A  complex  study  on  two-phase  nonequilibrium  pulsationless 
flows  in  heated  and  unheated  pipes  is  being  carried  out  in  the 
Laboratory  of  Two-Phase  Systems  of  the  Mass  Exchange  Department 
of  the  NIIVT  [Translator’s  Note:  This  abbreviation  could  stand 
for  either  the  Scientific  Research  Institute  of  High  Temperatures 
or  the  Novosibirsk  Institute  of  Water  Transportation  Engineers.] 
under  the  direction  of  Academician  M.  A.  Styrikovich. 

A  description  of  the  experimental  installation  and  the 
research  methodology  is  explained  in  detail  in  references  [1,  2], 

Each  series  of  tests  was  usually  performed  with  constant 
average  values  of  pressure,  mass  velocity,  and  thermal  loading  by 
the  gradual  increase  of  temperature  at  input  to  the  experimental 
installation.  At  first  pulsationless  regimes  of  flow  were  studied, 
and  then  pulsation  regimes  up  to  the  onset  of  crisis.  In  each 
series  of  tests  the  boundary  values  of  parameters  were  fixed, 
corresponding  to  the  beginning  of  the  emergence  of  self-oscillations 
in  the  experimental  section.  The  figure  presents  the  variations 
in  true  per-volume  vapor  content  over  time  in  three  cross  sections 
along  the  experimental  section  (the  first  two  in  the  heated  pipes 
and  the  third  in  the  unheated),  and  it  is  apparent  that,  in 
analogy  with  pulsationless  flow,  during  pulsation  flow  regimes  the 
quantity  of  vapor  in  the  unheated  section  of  the  pipes  is  greater 
than  in  the  heated. 

The  figure  illustrates  various  types  of  pulsation  regimes 
detected  in  the  tests,  which  can  be  dependent  on  the  frequency 
characteristics,  and  are  conditionally  called  disordered  a, 
ordered  b,  and  low-frequency  c. 

The  term  "disordered  pulsations"  is  introduced  for  the 
characteristics  of  regimes  in  which  oscillations  of  parameters, 
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Pig.  1.  Regime  char¬ 
acteristics  of  two- 
phase  nonequilibrium 
flows  in  the  presence 
of  various  types  of 
self-oscillations : 

$0  and  ^  -  vapor 

contents  in  various 
cross  sections  of  the 
heated  section  of  the 
experimental  pipes; 

<J>2  -  vapor  content  at 

output  from  the  un¬ 
heated  section  of  the 
experimental  pipe. 
DESIGNATIONS: 
csK  *  s;  fiap  *  bar; 
n/ h  ■  1/ h;  bx  =  input 

CT  *  St. 


even  in  short  intervals  of  time,  are  characterized  by  variable 
values  of  amplitude  and  frequency,  differing  by  several  factors. 
Such  flow  regimes  occur  with  large  vapor  contents  and  comparatively 
low  thermal  loads  and,  probably,  are  annular  dispersed  flow  regimes 
with  which  part  of  the  liquid  phase  flows  in  the  form  of  a  film 
along  the  channel  wall  and  the  other  part  of  the  moisture  is 
sprayed  in  the  form  of  drops  in  the  vapor  flow.  The  character  of 
the  film’s  motion  on  the  heat-transferring  surface,  as  the  tests 
of  other  authors  have  shown,  can  be  wave-shaped. 

Ordered  pulsations  are  characterized  by  the  almost  exact 
agreement  between  the  frequency  and  amplitude  characteristics  of 
the  parameter  oscillations  and  are  probably  connected  with  the 
displacement  of  large  vapor  clusters  along  the  channel.  With  such 
flow  regimes  pulsations  of  vapor  contents  and  pressures,  as  a  rule, 
agree  in  phase,  while  pulsation  of  flow  rate  is  in  opposite  phase. 
The  reason  for  the  occurrence  of  flow  rate  pulsations  in  a  steam- 
generating  channel  is  probably  the  periodic  increase  in  the 
hydraulic  resistance  of  the  channel  connected  with  the  periodic 
increase  in  vapor  content.  It  should  be  noted  that  in  install¬ 
ations  with  powerful  pumps  and  strong  flow  throttling  at  channel 
input  (in  absence  of  large  compressible  capacities)  flow  rate 
pulsations  do  not  occur.  Under  actual  conditions  in  the  presence 
of  collectors  and  multi-pipe  systems,  increase  in  the  hydraulic 
resistance  in  any  one  of  the  parallel  branches  must  unavoidably 
lead  to  a  drop  in  the  flow  rate  due  to  the  redistribution  of  flow 
rates.  Thus,  the  installation  used  in  this  study,  with  a  turbine 
pump  apparently  imitates  rather  closely  the  operation  of  one 
branch  of  a  real  apparatus,  excluding  the  fact  that  the  pressure 
drop  in  the  experimental  section  is  not  kept  constant  as  occurs 
under  actual  conditions. 

Low-frequency  pulsations  (see  Fig,  lc)  are  obviously  con¬ 
nected  with  the  periodic  temporary  increase  in  pressure  in  the 
experimental  section.  Such  a  pressure  increase  and  the 
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corresponding  saturation  temperature  increase  lead  to  a  weakening 
of  the  boiling  process  intensity  or  even  to  its  complete  cessation 
for  a  certain  period  of  time.  The  hydraulic  resistance  of  the 
steam-forming  sections  falls,  flow  rate  grows,  and  pressure 
decreases.  The  boiling  process  becomes  more  intense  and  vapor 
formation,  hydraulic  resistance,  and  pressure  increase,  which 
again  leads  to  a  reduction  in  vapor  formation  intensity.  The 
period  of  -such  pulsations  is  ^ '25-30  s  and  is  commensurate  with  the 
time  of  liquid  passage  along  the  entire  experimental  loop. 

Before  the  appearance  of  a  crisis,  whose  onset  parameters 
were  evaluated  earlier,  all  recording  instruments  are  simul¬ 
taneously  switched  on,  recording  the  variations  in  the  basic  flow 
parameters  in  the  period  before  crisis  onset,  at  the  instant  of 
the  crisis  itself,  and  after  it,  i.e.,  after  discharge  or  re¬ 
duction  of  the  load.  With  considerable  underheating  at  input  and, 
accordingly,  relatively  large  critical  thermal  loads,  crisis  occurs 
with  pulsationless  flow  regime  and  low  true  vapor  contents  per 
unit  volume  at  the  spot  where  the  crisis  occurs.  This  type  of 
crisis,  arising  with  comparatively  low  vapor  contents  per  unit 
volume,  is,  of  course,  similar  to  the  crisis  during  boiling  in  a 
large  volume  when  all  the  vapor  forming  at  the  surface  goes  into 
the  volume  [3], 

* 

With  moderate  underheating  at  input  and,  accordingly,  average 
critical  thermal  loads,  crisis  occurs  in  the  above  examined  flow 
regimes  with  ordered  pulsations.  The  period  for  pulsations  in 
vapor  content,  pressure,  and  flow  rate  is  up  to  2.5  s  with  a  heated 
section  length  of  600  mm.  The  temperature  of  the  heat-transferring 
surface  before  onset  of  crisis  does  not  pulsate  in  such  regimes 
and  remains  virtually  constant.  Only  at  the  instant  of  crisis  is 
there  observed  a  sharp  increase  in  wall  temperature.  This  points 
to  the  fact  that  before  the  onset  of  crisis  on  the  heat¬ 
transferring  surface  even  during  the  approach  of  large  clusters  of 
steam  there  is  a  relatively  stable  film  of  liquid  which  ensures 
the  continuous  cooling  of  the  surface.  Analysis  of  the  regime 


characteristics  with  this  type  of  crisis  has  shown  that  the  first 
oscillations  (in  the  direction  of  increase)  in  wall  temperature 
are  observed  when  a  maximum  vapor  content  per  unit  volume  of 
0.95  is  reached.  Obviously,  in  this  case,  the  crisis  is  connected 
with  the  fact  that  the  large  cluster  of  vapor  at  the  surface  of 
the  liquid  film  hinders  the  replenishing  of  the  surface  film  by 
liquid  from  the  core  of  the  flow.  An  evaluation  of  the  liquid 
film  thickness  on  the  heat-transferring  surface  at  the  moment 
crisis  occurs  indicates  that  under  the  examined  flow  regime  a 
considerable  portion  of  liquid  must  be  in  the  flow;  then  it  does 
not  greatly  affect  the  intensity  of  heat  transfer  from  the  surface. 

With  very  small  underheatings  at  input  to  the  heated  section 
and,  accordingly,  low  critical  thermal  loads,  a  boiling  crisis 
arises  during  flow  regimes  with  disordered  pulsations.  Os¬ 
cillation  frequencies  during  disordered  pulsations  are  approxi¬ 
mately  one  hertz.  Variations  in  vapor  content  during  these 
regimes  as  crisis  approaches  are  accompanied  by  significant 
oscillations  in  the  temperature  of  the  heat-transferring  surface 
(on  the  order  of  tens  of  degrees,  always  in  the  direction  of  an 
increase).  Since  the -maximum  vapor  content  with  this  reaches  one, 
consequently,  there  is  no  stable  film  on  the  heat-transferring 
surface,  otherwise  there  would  be  no  such  noticeable  increases 
in  temperature.  Due  to  the  rather  high  frequency  of  the  os¬ 
cillations  in  true  vapor  content  per  unit  volume,  the  surface, 
which  is  periodically  dry,  can  not  be  strongly  reheated  before 
the  entrance  of  the  next  portion  of  moisture  either  from  the  core 
of  the  flow  or  from  the  advancing  wave  of  the  boundary  layer 
(on  the  assumption  of  the  existence  of  waves  on  the  surface  of  the 
liquid  film).  Only  with  average  vapor  content  per  unit  volume 
equal  to  0.95  does  crisis  arise,  accompanied  by  continuous  tem¬ 
perature  increase  on  the  heat-transferring  surface  and  by  its 
reddening  on  the  upper  output  end  of  the  heated  section.  As 
visual  observations  have  indicated,  the  crisis  is  propagated  down 
to  the  input  section  itself. 
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Thus,  based  on  the  studies  made,  we  can  state  that  when 
investigating  the  crisis  of  boiling,  the  study  of  the  hydrodynamics 
of  two-phase  flow  by  measuring  the  instantaneous  values  for  vapor 
contents  has  great  possibilities  and  is  of  considerable  interest. 

By  analogy  with  two-phase  gas-liquid  or  steam-liquid  flows 
in  unheated  or  weakly  heated  pipes,  it  is  assumed  that  during 
passage  along  the  channel  of  large  vapor  clusters  there  occurs  a 
shell  flow  regime  during  which  the  vapor  moves  along  the  axis  of 
the  vertical  pipes  while  the  water  moves  along  the  periphery  and 
in  bridges  between  the  shells.  Moreover  experimental  data  [*<,  5] 
indicate  that  during  the  boiling  of  underheated  liquids  in  the 
presence  of  large  thermal  loads,  vapor  is  concentrated  primarily 
in  the  boiling  boundary  layer  while  the  core  of  the  flow  not  only 
remains  single-phase  but  also  is  heated  rather  weakly.  Therefore, 
we  can  assume  that  at  sufficiently  high  vapor  contents  such  flow 
can  be  not  shell-shaped  but  ring-shaped j  the  vapor  moves  not  in 
the  form  of  shells  along  the  axis  of  the  pipe  but  in  the  form  of 
rings.  However,  the  core  of  the  flow  can  remain  single-phased. 

If  such  a  flow  regime  actually  occurs,  then  upon  the  passage  of 
a  vapor  cluster  the  main  mass  of  liquid,  moving  along  the  axis  of 
the  pipe,  must  have  a  velocity  greater  than  the  velocity  of  the 
vapor.  The  possibility  of  a  vapor  cluster  on  the  heat-transferring 
surface  has  been  demonstrated  not  only  by  movie  film  [6]  but  also 
by  several  analytical  studies  [73. 

As  for  the  bridges  of  water  between  the  vapor  clusters,  vapor 
in  them  perhaps  moves  in  the  form  of  chains  or  filaments  whose 
velocity  must  be  greater  than  the  average  velocity  of  the  liquid. 

The  problem  is  particularly  complicated  when  studying  nonequilibrium 
pulsation  flows  in  which  the  pressure  pulsations  continuously 
cause  both  condensation  and  boiling.  To  study  such  flows,  not 
only  new  experimental  methods  are  necessary  but  a  completely 
different  approach  to  analytical  studies  is  required. 
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Conclusions 


1.  When  a  steam-generating  channel  Is  fed  water  which  has 
not  reached  saturation  temperature*  the  quantity  of  steam  in  the 
sections  of  this  channel  is  considerably  greater*  while  the 
temperature  of  liquid  phase  is  considerably  lower,  than  could  be 
expected  in  the  case  of  thermodynamic  equilibrium. 

2.  The  absence  of  thermodynamic  equilibrium  indicates  that 
the  condensation  of  vapor  in  underheated  liquid  occurs  not  in¬ 
stantaneously  but  at  finite*  rather  low  rates. 

3.  Study  of  the  Instantaneous  values  for  pure  vapor  content 
per  unit  volume  and  other  regime  parameters  has  indicated  that* 
as  a  function  of  the  underheating  at  input  and  the  thermal  load* 
the  existence  of  various  types  of  pulsationless  and  pulsation 
flow  regimes  is  possible  for  two-phase  nonequilibrium  flows. 

4.  The  mechanism  of  boiling  crisis  in  channels  is  in¬ 
separably  connected  with  the  hydrodynamics  of  two-phase  flow*  and 
when  examining,  it  it  is  necessary  to  study  not  only  the  heat 
exchange  but  also  the  hydrodynamic  characteristics. 

5.  A  study  of  the  heat  exchange  crisis  in  two-phase  flows 
must  be  carried  out  using  quick-response  recording  equipment  due 
to  the  transiency  Inherent  in  such  flows. 

6.  An  analysis  of  the  processes  in  steam-generating  pipes 
must  be  performed  with  the  thermodynamic  nonequilibrium  of  two- 
phase  flows  taken  into  account. 

7.  The  research  conducted  indicated  that  depending  upon  the 
underheating  of  the  liquid  at  input  to  the  heated  channel  and* 
consequently,  on  the  crltloal  thermal  load  at  the  same  pressures 
and  mass  velocities*  there  are  possible  at  least  three  completely 
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different  types  of  boiling  crises  connected  with  the  structure  of 
the  two-phase  flow. 


8.  On  the  basis  of  an  analysis  of  the" variations  in  regime 
parameters  of  pulsation  flow  over  time,  and  particularly  the 
instantaneous  values  of  true  vapor  content  per  unit  volume,  we 
can  predict  the  probable  structure  of  a  two-phase  nonequilibrium 
pulsation  flow  consisting  of  a  rings  of  vapor  and  an  underheated 
liquid  core. 
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AN  EXPERIMENTAL  STUDY  OF  HYDRODYNAMIC 
CHARACTERISTICS  DURING  THE  BOILING  OF 
UNDERHEATED  WATER  IN  VERTICAL  PIPES 

G.  G.  Bartolomey  and  V.  M.  Chanturiya 

Designations 

d  -  Internal  diameter  of  working  pipe,  mmj 

p  -  pressure  at  output  from  working  section,  bar; 

w  -  velocity  of  water  at  input  to  working  section, 
m/s; 

p 

(yw)  -  mass  velocity  of  flow  in  channel,  kg/m  *s; 

2 

q  -  specific  thermal  flux,  W/m  ; 
y'  -  specific  weight  of  water  on  saturation  line, 
kg/mJ ; 

y"  -  specific  weight  of  vapor  on  saturation  line, 
kg/ro^; 

r  -  vaporization  heat,  kcal/kg; 

i'  -  enthalpy  of  water  on  saturation  line,  kcal/kg; 

in  -  average  flow-rate  enthalpy  of  flow,  kcal/kg; 

i  -  average  flow-rate  enthalpy  of  water  in  core 
cp  of  flow,  kcal/kg; 

i_  -  water  temperature  on  saturation  line,  °C; 

tn  -  average  flow-rate  temperature  of  flow,  °C; 

tQ  -  temperature  along  axis  of  flow,  °C; 

t  -  temperature  on  interface  of  viscous  sublayer 
and  core  of  flow,  °C; 
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t  -  temperature  along  the  cross  section  of  the 
n  flow  core,  °C; 

t  -  average  flow-rate  temperature  of  water  in  the 
p  flow  core,  °C; 

t  -  temperature  of  external  surface  of  channel 
wall,  °C ; 

t  -  temperature  of  internal  surface  of  channel 

8H  wall,  °C ; 

n  -  relative  radius  of  working  pipe; 

<!>  -  average  true  vapor  content  along  the  cross 
section  of  the  flow; 

x  -  mass  flow-rate  vapor  content  or  relative 
enthalpy  of  flow; 

x^  -  actual  mass  flow-rate  vapor  content; 

8  -  volumetric  flow-rate  vapor  content; 

8fl  -  actual  volumetric  flow-rate  vapor  content. 

The  hydrodynamic  processes  which  occur  during  the  boiling  of 
underheated  liquid  under  forced  circulation  conditions,  due  to 
their  exceptional  complexity,  are  very  difficult  to  subject  to 
theoretical  examination,  which  means  that  experiment  is  the  chief 
method  for  studying  these  processes  in  order  to  reveal  their 
overall  regularities.  Analysis  of  published  data  indicates  that 
the  majority  of  works  on  one  of  the  most  important  hydrodynamic 
characteristics  of  steam-water  flow  -  pure  vapor  content  during 
surface  boiling  -  have  been  performed  on  channels  of  rectangular 
or  annular  cross  sections.  As  for  an  experimental  determination 
of  this  parameter  in  channels  of  circular  cross  section,  which  is 
of  considerable  practical  interest  in  the  design  of  modern  thermal 
apparatuses,  only  references  [1,  2],  using  the  method  of  labeled 
atoms,  are  known  to  concern  this  question. 

The  purpose  of  our  work  is  the  experimental  study  of  true 
vapor  content,  averaged  along  the  flow  cross  section,  during  the 
surface  boiling  of  water  in  vertical  heated  pipes  with  internal 
diameters  of  11.7,  15.4,  and  24.0  mm  by  the  radiographic  inspection 
of  the  working  channel  with  a  wide  beam  of  y-rays,  along  with  the 
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determination  of  the  temperature  profile  along  the  flow  cross 
section  and  the  measurement  of  the  external  temperature  of  the 
channel  wall  surface.  In  addition,  in  a  number  of  supplementary 
tests,  with  radiographic  inspection  of  a  pipe  15. 4  mm  in  diameter 
by  a  narrow  beam  of  y-rays,  the  distribution  of  vapor  phase  along 
the  cross  section  of  the  flow  was  determined,  while  the  character 
of  the  temperature  pulsations,  measured  along  the  diameter  of  the 
working  pipe,  was  studied  with  oscillographic  recordings.  Thus, 
in  addition  to  accumulating  test  data  on  true  vapor  content,  our 
work  also  included  the  study  of  individual  characteristics,  which 
enabled  us  to  examine  in  greater  detail  the  physics  of  the  surface 
boiling  process. 

Tests  were  made  at  pressures  of  15,  30,  and  45  bar,  thermal 
loads  (0.4,  0.6,  0.8)*10^  W/m^,  and  mass  velocities  of  450,  900, 

p 

1800,  2700,  and  3600  kg/m  *s.  The  degree  of  water  underheating 
at  input  to  the  working  section  varied  from  160  to  6°C.  At  output 
from  this  section  the  value  of  true  vapor  content  varied  from 
zero  to  0.55. 

EXPERIMENTAL  INSTALLATIONS  AND 
TEST  METHODOLOGY 

The  experimental  installation  is  an  open  loop  connected  to 
the  main  lines  of  the  MEI  [Moscow  Pov?er  Engineering  Institute] 
heat  and  electric  power  plant  for  the  feed  water  and  superheated 
steam.  The  diagram  of  the  stand  and  its  description  are  found  in 
reference  [3].  Thin-wall  pipes  0  12.3  *  0.3  mm,  0  16.1  x  0.35  mm, 
and  0  26.9  x  1,45  mm  2000  mm  long,  made  from  lKhl8N9T  stainless 
steel,  were  used  as  the  heated  channels,  which  is  the  main  element 
of  the  experimental  installation.  The  values  for  flow  temperature 
along  the  axis  of  the  pipes  at  input  and  output  of  the  working 
section  were  measured  with  chromel-copel  thermocouples  with 
alundum  wires  0.2  mm  in  diameter.  In  addition  to  this,  a  similar 
thermocouple  checked  the  average  flow-rate  temperature  of  the 
working  medium  one  meter  from  the  output  section  of  the  ex¬ 
perimental  section  after  the  flow  had  passed  the  elbow. 
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For  measuring  the  temperature  of  the  external  wall  surface 
of  the  heated  channel,  five  chromel-copel  thermocouples  were 
installed  along  its  length  and,  to  avoid  induction,  were  insulated 
from  the  current-conducting  surface  of  the  channel  by  a  thin 
layer  of  mica. 

To  measure  the  temperature  profile  along  the  flow  cross 
section  a  specially  designed  movable  thermocouple  was  used, 
located  70  mm  from  the  output  section  of  the  working  pipe.  The 
thermocouple  was  moved  along  the  channel  cross  section  by  a  device 
with  a  micrometric  screw.  The  position  of  the  hot  junction  of  the 
thermocouple,  diameter  0.4  mm,  relative  to  the  axis  of  the  pipe 
could  be  determined  within  ±0.25  nun.  This  made  it  possible  to 
move  the  thermocouple  without  liquid  leakage  at  pressures  to 
60  bar  and  enabled  us  to  easily  replace  thermocouples.  The  moveable 
thermocouple  device  is  shown  in  Fig.  1. 


1  -  Working  channel;  2  -  Fitting;  3  -  Teflon  recess; 

4  -  Capillary  tube;  5  -  Insert  piece;  6  -  Metrometric 
mechanism;  7  -  Shaft;  8  -  Guide;  9  -  Bracket;  10  - 
Upper  carriage  of  the  radiographic  inspection  device; 
13  -  Insulating  clamp. 


The  value  of  the  average  radiation  Intensity,  necessary  for 
determining  true  ''apor  content,  during  motion  in  the  channel  of 
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the  studied  medium  was  recorded  with  a  special  electronic  in¬ 
strument.  The  isotope  Tu-170,  activity  0.5  g*equiv.  Rd,  was  used 
as  the  radioactive  source.  As  the  y-radiation  detector  we  used 
a  NaJ  (Te)  crystal  and  a  photomultiplier. 

The  points  for  measuring  radiation  intensity  during  the 
radiographic  inspection  of  the  channel  by  a  wide  beam  of  y-rays, 
conditionally  designated  and  $2,  were  located  along  the  height 
of  the  working  pipe  at  various  distances  from  its  output  section. 

The  signal  from  output  of  the  measuring  system  was  fed  to  the 
indicator  or,  during  a  number  of  tests,  to  the  input  of  an  N-700 
loop  oscillograph. 

Radiographic  inspection  of  the  experimental  channel  by  a 
narrow  collimated  beam  of  y-rays,  dimensions  0.5  x  10  mm,  was 
performed  with  continuous  and  uniform  movement  of  the  carriage  in 
a  direction  perpendicular  to  the  axis  of  the  pipe.  The  measure¬ 
ment  cross  section  for  radiation  intensity  was  300  mm  from  the 
output  section  of  the  working  section. 

The  order  of  the  basic  tests  was  as  follows.  According  to 
the  test  regime  assumed,  the  flow  rate,  pressure  in  the  working 
section,  and  thermal  loading  on  the  heated  pipe  were  established. 

As  stationary  state  was  achieved,  the  simultaneous  measurement  of 
the  basic  thermophysical  parameters  of  the  flow  was  made  and  also 
the  cross-sectional  average  radiation  intensities  were  recorded  at 
points  ^  and  <f>^.  In  addition,  the  external  channel  wall  surface 
temperature  was  measured  and  the  temperature  was  taken  by  the 
moveable  thermocouple  at  several  points  along  the  flow  cross  section. 

In  addition  to  the  main  tests,  several  supplementary  ex¬ 
periments  were  made  on  a  pipe  with  an  internal  diameter  of  15.  ^  mm; 
the  test  procedure  differed  from  the  above  only  with  respect  to 
parameter  recording.  The  radiation  intensity  averaged  along  the 
flow  cross  section  was  measured  only  at  point 
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Tests  were  made  in  series.  Within  each  series,  several  tests 
were  made  in  both  the  single-phase  liquid  flow  regime  and  in  the 
regimes  of  surface  and  volume  boiling  by  gradually  varying  the 
water  temperature  at  input  to  the  working  section.  The  values  of 
the  other  parameters  were  kept  as  constant  as  possible.  At  the 
measurement  point  for  all  recorded  values,  a  condition  of  thermal 
.and  hydrodynamic  stabilization  was  maintained. 

EXPERIMENTAL  RESEARCH- ON  TRUE 
VAPOR  CONTENT  AVERAGED  ALONG 
THE  FLOW  CROSS  SECTION 

The  cross-sectional  average  true  vapor  content  is  the  basic 
parameter  analyzed  in  our  work.  According  to  the  methodology 
developed  earlier  for  calculating  <p  during  the  radiographic  in¬ 
spection  of  an  experimental  channel  by  a  wide  diverging  plane  beam 
of  y-rays,  the  values  of  the  studied  parameter  in  two  cross  sections 
of  the  channel  for  each  of  the  main  tests  were  determined  according 
to  the  linear  calculation  function  derived  in  reference  [4], 

Maximum  absolute  errors  in  determining  true  vapor  content  in  most 
tests  were  within  ±0.035*  The  minimum  value  of  <p,  recorded  under 
experimental  conditions,  was  <j>mln  *  0.015.  The  values  for 
relative  enthalpy  x  at  the  radiographic  inspection  points  were 
calculated  according  to  the  quantity  of  heat  absorbed  by  the 
working  medium  in  the  section  of  heated  pipes  before  the  given 
cross  section,  taking-  into  account  losses  to  the  ambient  medium  in 
this  section.  The  value  of  the  limiting  absolute  error  in  the 
entire  examined  range  of  x  variation  was  less  than  ±0.006. 

Figures  2,  3,  and  4  are  graphs  of  the  true  vapor  content  $ 
versus  relative  flow  enthalpy  x,  varying  from  negative  values 
during  the  boiling  of  underheated  water  to  positive  values 
corresponding  to  the  beginning  of  the  region  of  volume  boiling. 
Analysis  of  the  functions  obtained  makes  it  possible  to  illustrate 
certain  regularities  in  the  effect  of  the  regime  conditions  on  the 
studied  parameter.  Thus,  with  a  mass  velocity  of  yw  =  900  kg/m  • s 


for  all  three  test  pipes,  an  increase  in  pressure  leads  to  a 
reduction  in  true  vapor  content  in  the  entire  studied  region  of 
x  variation;  with  a  decrease’  in  pipe  diameter  this  relationship 
noticeably  weakens.  At  higher  flow  velocities  for  a  test  pipe 
with  d  =  15. 4  mm,  the  noted  character  of  the  effect  on  ♦  is  pre¬ 
served  but  it  is  manifested  to  a  lesser  degree.  However,  for  a 
working  pipe  with  d  *  11.7  mm,  with  an  increase  in  flow  velocity 
the  value  of  true  vapor  content  at  various  pressures  changes 
insignificantly,  while  a  disruption  in  the  uniqueness  of  the 
effect  of  pressure  on  <p  in  the'  region  of  negative  values  for  x,  in 
a  number  of  cases,  is  commensurate  with  the  degree  of  accuracy  in¬ 
volved  in  determining  true  vapor  content  in  our  work. 


Pig.  2.  <|i  versus  x  for  a  pipe  with  d  *  24.0  mm; 

2 

yw  =  900  kg/m  *s: 

1  -  p  *  15  bar;  2  -  p  =  30  bar;  3-  P  *  45  bar. 


Within  the  studied  range  of  parameters  an  increase  in  the 
level  of  thermal  loading,  other  conditions  being  equal,  as  a  rule, 
leads  to  an  increase  in  <j>;  the  minimum  value  of  true  vapor  content 
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recorded  in  these  tests  is  noted  with  large  negative  values  for 
relative  enthalpy.  Thus,  if  during  q  =  0.8*10  W/m  is 

recorded  approximately  when  x  =  -0.08,  then  for  the  case  of 
q  =  0.37*10°  W/irr  the  minimum  possible  value  of  true  vapor  content 
occurs  only  at  x  =  -0.0*1.  As  relative  enthalpy  increases,  the 
effect  of  thermal  load  on  the  studied  parameter  decreases  and,  to 
all  appearances,  gradu  ’  y  disappears  in  the  region  of  volume 
boiling. 

Prom  a  comparison  of  the  test  data  it  is  also  apparent  that 
in  the  studied  range  of  variation  for  the  regime  parameters,  the 
mass  velocity  of  flow  uniquely  affects  the  value  of  true  vapor 
content:  with  its  increase,  <}>  decreases.  However,  with  a  decrease 
in  the  diameter  of  the  working  pipe,  all  other  regime  conditions 
being  equal,  the  value  of  true  vapor  content  generally  increases. 
However,  If  the  direct  relationship  (j>  =  f(x)  for  a  pipe  with 
d  =  15. *1  mm  lies  above  the  curve  for  a  pipe  with  d  =  2*1.0  mm 
throughout  the  relative  enth#l%y  variation  range  and  the  quantity 
^min  for  both  cases  is  noted'  dM^-g  near  values  of  x,  then  for  a 
pipe  with  d  =  11.7  mm  a  noticeable  increase  in  true  vapor  content 
is  observed  only  in  the  region  of  small  underheatings  and  positive 
values  x’or  relative  enthalpy,  while  the  quantity  4>min  is  recorded 
at  smaller  negative  values  for  x. 

INVESTIGATION  OF  HYDRODYNAMIC 
FLOW  STRUCTURE  AND  DETERMINATION 
OF  TEMPERATURE  FIELDS  ALONG 
FLOW  CROSS  SECTION 

In  our  work  on  the  hydrodynamic  structure  of  the  flow  of  a 
vapor-water  mixture  during  the  boiling  of  an  underheated  liquid 
in  circular  channels,  diagrams  showing  the  distribution  along  the 
‘'low  cross  section  of  radiation  intensities  averaged  along  the 
chord  were  recorded  on  a  diagram  tape  of  an  EPP-09M2  potentiometer 
during  radiographic  inspection  by  a  narrow  collimated  beam  of 
Y-rays  in  a  series  of  tests  on  working  pipe  with  an  internal 
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diameter  of  15.4  mm.  In  processing,  the  diagrams  obtained  were 
broken  down  into  a  finite  number  of  chords,  for  each  of  which  the 
average  value  of  true  vapor  content  was  determined  according  to 
a  formula  for  a  narrow  beam  and  a  source  having  monochromatic 
radiation  [5].  As  a  result,  diagrams  were  obtained  showing  the 
distribution  along  the  flow  cross  section  of  true  vapor  content 
averaged  along  the  chord  for  the  region  of  surface  boiling  at 
various  values  of  relative  enthalpy  (Pig.  5),  whose  analysis  made 
it  possible  to  give  a  qualitative  evaluation  to  the  character  of 
the  structural  rearrangement  of  the  flow  as  the  degree  of  under¬ 
heating  decreases  as  the  working  medium  moves  along  the  heated 
pipes. 

At  large  negative  values  for  x  the  main  part  of  the  vapor 
phase  is  concentrated  near  the  heated  surface.  The  reduction  in 
underheating  of  the  liquid  along  the  experimental  channel  is 
accompanied  by  the  gradual  transfer  of  vapor  from  the  boundary 
layers  to  the  core  of  the  flow  and  an  overall  increase  in  vapor 
phase.  Our  attention  is  turned  to  the  high  concentration  of 
vapor  in  the  central  zone  of  the  flow  with  zero  relative  enthalpy. 

For  each  of  the  examined  tests  the  true  vapor  content,’ 
averaged  along  the  radiographically  inspected  cross  section  of 
the  channel,  was  defined  as  the  weighted  mean  along  the  chords. 
The  results  obtained  agree  well  with  the  values  of  ♦  measured  by 
a  wide  beam  of  y-rays  under  the  same  regime  conditions. 

4 

In  order  to  determine  the  temperature  fields  along  the  flow 
cross  sections  during  the  boiling  of  underheated  liquid, 
temperature  measurements  were  made  with  a  moveable  thermocouple 
at  several  points  at  equal  intervals  along  the  diameter  of  the 
experimental  pipe.  According  to  these  temperature  values,  which 
were  averaged  over  time,  temperature  profiles  were  plotted  at 
various  values  for  relative  enthalpy;  an  examination  of  these 
profiles  made  it  possible  to  illustrate  the  effect  of  various 
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Pig.  5.  .Distribution  of  local  vapor  contents  along 
flow  cross  section: 

d  =  15.4  mm,  yw  ■  900  kg/m2.s,  q  =  0.57*106  W/m2; 
a  -  p  =  15  bar;  b  -  p  *  30  bar. 

DESIGNATION:  nap  *  vapor. 


regime  factors  on  the  character  of  temperature  distribution  along 
the  flow  cross  section.  Thus,  an  increase  in  pressure  within  the 
studied  range  does  not  lead  to  a  noticeable  restructuring  of  the 
examined  profiles,  while  an  increase  in  thermal  loading,  all  other 
conditions  being  equal,  is  accompanied  by  an  increase  in  the 
temperature  drop  between  the  boundary  layers  of  the  flow  and  its 
colder  core.  An  increase  in  mass  velocity  leads  to  equalizing  of 
the  temperature  field  due  to  the  higher  degree  of  flow  turbu- 
lization  and,  consequently,  the  more  intense  transfer  of  thermal 
energy  from  the  heated  wall  to  the  flow  core. 

Compared  on  Fig.  6  are  profiles  of  temperature  along  the 
flow  cross  section,  obtained  in  pipes  of  various  diameters  with 
approximately  equal  regime  conditions.  Here  there  occurs  a 
marked  growth  in  the  above  noted  temperature  drop,  as  well  as  an 
increase  in  the  difference  between  the  boundary  layer  temperature 
and  the  average  flow-rate  temperature  of  the  flow  with  an  increase 
in  the  diameter  of  the  experimental  pipe.  A  similar  character 
for  the  effect  of  the  diameter  on  temperature  distribution  along 
the  flow  cross  section  was  earlier  noted  in  reference  [6].  It 
should  be  mentioned  that  not  once  ditit  the  measured  temperature 
near  the  heated  surface  exceed  the  saturation  temperature  of  the 
liquid  at  a  given  pressure.  Attention  is  drawn  to  the  presence 
of  a  certain  temperature  gradient  during  values  of  relative 
enthalpy  near  zero.  We  should  note,  however,  that  this  design 
of  moveable  thermocouple  does  not  exclude  the  possibility  of  heat 
flow  along  the  thermoelectrodes,  which  leads  to  a  distortion  of 
the  temperature  profile  to  be  determined  and  a  disruption,  in  a 
number  of  cases,  of  its  symmetry  relative  to  the  axis  of  flow. 

In  measuring  the  temperature  profiles  of  the  flow  throughout 
the  region  of  studied  regime  conditions,  significant  temperature 
pulsations  were  observed;  to  determine  the  character  of  these 
pulsations  during  supplementary  tests  on  a  working  pipe  with 
d  =  15. mm,  oscillographic  recordings  of  the  temperature  values 
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Pig.  6.  Temperature  profiles  along  the  flow 
cross  section: 

?  £\  Q 

YW  «*  900  kg/m  *s,  q  *  0.8*10  W/m  ,  p  =  30  bar; 
a  -  d  ®  24.0  mm;  b  -  d  »  15.4  mm;  c  -  d  *  11.7  mm. 

at  various  points  along  the  pipe  diameter  were  made.  It  can  be 
noted  that  in  the  region  of  large  negative  values  for  x,  where 
single-phase  or  the  initial  stage  of  surface  boiling  occurs,  and 
in  the  region  of  small  underheatings  the  character  of  the  change 
in  the  examined  pulsations  is  qualitatively  different.  The  noted 
growth  "in  amplitude  as  the  heating  surface  is  approached.  In  the 
latter  case,  appears  more  suddenly  and  is  accompanied  by  a 
noticeable  drop  In  pulsation  frequency.  In  addition  to  this,  it 
was  established  that,  all  other  conditions  being  equal,  an  in¬ 
crease  in  thermal  loading  leads  to  an  increase  in  these  pulsations. 

THE  PROCESS  OP  SURFACE  BOILING 
ALONG  THE  HEATED  CHANNEL 

Earlier  it  was  noted  that  within  each  of  the  main  series  of 
tests,  by  varying  the  degree  of  water  underheating  at  input  to  the 
experimental  section,  several  tests  each  were  performed  in  both 
the  regime  of  single-phase  flow  and  the  regimes  of  surface  and 
volume  boiling.  The  values  of  the  remaining  regime  parameters 
were  kept  constant.  This  enabled  us  to  reduce  all  the  processed 
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experimental  data  of  each  series  of  tests  to  one  general  pattern 
showing  the  distribution  of  temperatures  and  true  vapor  contents 
of  the  flow,  as  well  as  channel  wall  temperatures  as  a  function 
of  the  increase  in  flow  enthalpy  along  the  heated  channel  at 
given  regime  conditions. 

For  a  complex  examination  of  the  process  of  the  development 
and  course  of  surface  boiling  along  a  steam-generating  channel 
under  forced  circulation  conditions,  the  above  indicated  re¬ 
lationships  t  »  f(iR)  and  ♦  *  f(in)  are  presented,  as  an  example, 
in  the  form  of  graphs  obtained  from  the  data  from  one  series  of 
experiments.  In  plotting  these  graphic  relationships,  the  values 
of  average  flow- rate  temperature,  temperature  along  the  axis  of 
the  flow,  temperature  of  the  external  channel  wall,  as  well  as 
the  values  of  true  vapor  content  averaged  along  the  flow  cross 
section  were  successively  plotted  along  the  y-axis.  The  values  of 
the  average  flow-rate  enthalpy  of  the  working  medium  in  at  the 
measurement  points  of  the  recorded  quantities  were  calculated  with 
the  heat  balance  equation.  The  average  calculated  values  of 
the  temperature  of  the  inner  heat-releasing  channel  wall  surface 
were  determined  according  to  the  measured  and  average  values  of 
the  temperature  of  the  outer-  surface  of  the  test  pipe  and  the 
drop  in  temperature  in  the  pipe  wall.  Figure  7  also  presents 
temperature  profiles  along  the  flow  cross  section;  in  plotting 
this  an  additional  coordinate  was  introduced  -  the  current  values 
for  the  relative  radius  of  the  working  pipe  were  plotted  along 
the  x-axis. 

From  an  examination  of  the  graph  thus  plotted  it  follows  that 
the  cross  section  where  the  value  of  4>m^n  is  recorded  virtually 
agrees  with  cross  section  b,  beginning  with  which  there  occurs  a 
decrease  in  the  difference  between  the  average  flow-rate 
temperature  and  the  temperature  along  the  flow  axis,  and  is  con¬ 
siderably  removed  from  the  cross  section  of  the  formal  beginning 
of  surface  boiling  a  where  the  channel  wall  temperature  reaches 
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the  saturation  temperature  of  the  studied  medium  at  the  given 
pressure.  This  situation  agrees  well  with  the  pattern,  visually 
observed  earlier  in  reference  [73 *  of  the  vapor  phase  distribution 
along  the  heating  surface  during  the  boiling  of  underheated  water 
with  a  clearly  distinguished  zone  of  low  boundary  vapor  content 
(on  the  order  of  0.01)  with  a  subsequent  increase  in  the  zone 
where  vapor  content  grows  sharply  as  the  degree  of  medium  under¬ 
heating  decreases.  In  our  case,  only  the  beginning  of  the  second 
zone  is  fixed  due  to  the  fact  that  the  insignificant  vapor  contents 
in  the  first  zone  are  beyond  the  sensitivity  limits  of  the  meter 
used  for  determining  true  vapor  content. 


Pig.  7.  Temperature,  true  and  flow-rate  vapor 
content  versus  flow  enthalpy: 

d  *  15. *1  mm;  yw  »  900  kg/m^«s;  q  *  0.57*10^  W/m^; 
p  *  45  bar. 


In  examining  the  hydrodynamics  of  the  boiling  process  for 
underheated  liquid  along  a  steam-generating  channel  it  is  ex¬ 
pedient  to  divide  the  region  of  surface  boiling  into  a  zone  of 
high  underheating  (from  the  formal  beginning  of  surface  boiling 
to  the  beginning  of  rapid  increase  in  vapor  content)  and  the 
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zone  of  low  underheating  (further  from  the  actual  beginning  of 
volume  boiling).  The  generally  assumed  distinction  between  the 
regions  of  undeveloped  and  developed  surface  boiling,  in  our 
opinion,  is  more  conveniently  used  in  problems  connected  with 
determining  the  heat  transfer  factor. 

It  should  be  kept  in  mind,  however,  that  the  graphs  obtained 
for  the  distribution  of  temperature  and  vapor  content  along  the 
working  pipes  are  only  approximate.  This  is  generally  explained 
by  the  fact  that  each  of  the  analyzed  graphs  is  plotted  according 
to  the  results  of  various  experiments  conducted  within  a  given 
series  of  tests  under  approximately  equal  regime  conditions. 
Actually,  however,  the  effect  of  channel  length  on  the  course  of 
the  process  was  not  directly  studied. 

An  analysis  of  the  approximate  graph  for  the  distribution  of 
temperature  and  true  vapor  content  of  flow  along  a  heated  pipe 
makes  it  possible  to  assume  that  the  conditions  of  working  medium 
input  to  the  experimental  section  must  be  reflected  in  the 
quantity  <j>,  measured  in  any  channel  cross  section.  Along  with 
the  condition  of  hydrodynamic  and  thermal  stabilization  in  the 
true  vapor  content  measurement  section,  it  is  apparently  necessary 
that  liquid  underheating  at  input  to  the  working  section  be  at. 
least  higher  than  the  values  for  underheating  corresponding  to  the 
zone  of  high  surface  boiling  underheating  at  the  given  regime 
parameters. 

Analysis  of  the  graphs  presented  in  Fig.  7  has  shown  that 
both  in  the  region  of  single-phase  flow  and  in  the  zone  of  high 
surface  boiling  underheating  no  noticeable  restructuring  of  the 
temperature  field  along  the  flow  core  cross  section  is  observed 
since  the  measured  temperature  profiles  on  the  noted  section  of 
the  channel  preserve  their  mutual  equidistant  nature.  This  is 
apparently  explained  by  the  fact  that  in  the  initial  stage  of 
its  development  along  the  heating  surface  the  boiling  process  for 


underheated  liquid  has  only  a  boundary  character;  therefore,  the 
effect  of  the -turbulizing  action  of  the  vapor  bubbles  which  are 
forming  is  manifested  in  the  form  of  a  thinning  of  the  viscous 
sublayer  and  a  more  intensive  heat  transfer  because  of  the  motion 
of  molar  particles  of  liquid  within  this  sublayer  [8].  Con¬ 
sequently,  in  the  zone  of  high  surface  boiling  underheating  the 
observed  decrease  in  the  full  drop  between  the  temperature  of  the 
inner  heat-releasing  surface  of  the  channel  wall  t  and  the 

B  H 

average  flow-rate  temperature  of  the  flow  tn,  characterizing  the 
increase  in  heat  exchange  intensity  between  the  channel  wall  and 
working  medium,  is  a  direct  consequence  of  the  decrease  in  the 
drop  in  the  viscous  sublayer,  representing  the  difference  between 
t  and  the  temperature  along  the  interface  of  the  viscous  sub¬ 
layer  and  the  flow  core  t^,  while  the  other  component  of  the  full 
drop  tfl  -  tn,  generally  determined  by  the  character  of  the 
temperature  distribution  in  the  flow  core,  remains  constant. 

After  the  temperature  drop  in  the  viscous  sublayer  reaches 
its  minimum  limiting  value,  t  u  -  t_,  in  the  section  where  the 
rapid  growth  of  vapor  content  6  begins  (see  Pig.  7),  a  subsequent 
increase  in  heat  transfer  intensity  in  the  zone  of  small  surface 
boiling  underheating  occurs  only  from  the  restructuring  of  the 
temperature  fields  along  the  flow  core  cross  section,  which  leads 
to  a  gradual  decrease  in  the  full  temperature  drop  along  the 
channel. 

Conclusions 

1.  In  this  work  new  experimental  data  were  obtained  on  true 
vapor  content  during  the  boiling  of  underheated  water  moving  in 
vertical  heated  pipes  with  internal  diameters  of  11.7,  15.5,  and 
24.0  mm.  The  effect  of  pressure  within  15-45  bar,  thermal  fluxes 

within  0. 4 *10^-0. 8*10^  W/m2,  and  mass  velocities  within  450-3600 

2 

kg/m  *s  on  the  value  of  the  studied  parameter  was  examined. 
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2.  A  calculated  relationship  was  obtained  in  parametric  form 
for  determining  true  vapor  content  during  the  surface  boiling  of 
v/ater  in  a  pipe  with  diameter  15.4  mm  for  the  studied  range  of 
regime  parameters . 

3.  The  hydrodynamic  structure  of  flow  in  the  region  of 
surface  boiling  was  studied.  With  values  for  medium  underheating 
near  zero,  a  high  concentration  of  vapor  phase  in  the  central  zone 
of  the  channel  is  noted. 

4.  Temperature  profiles  along  the  flow  cross  section  with 
various  degrees  of  water  underheating  were  measured  by  a  moveable 
thermocouple.  We  noted  the  presence  of  an  underheated  flow  core 
and  the  absence  of  a  state  of  thermodynamic  equilibrium  in  the 
flow  at  zero  values  for  relative  enthalpy. 

5.  A  complex  analysis  was  made  of  the  process  of  surface 
boiling  along  a  steam-generating  channel  under  forced  circulation 
conditions. 

6.  The  test  data  obtained  make  it  possible  to  evaluate  the 
value  of  the  hydrodynamic  characteristics  in  the  designing  of 
thermal  equipment  in  which  surface  boiling  is  used. 
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THE  EFFECT  OF  THERMAL  FLUX  AND 
THE  GEOMETRIC  SHAPES  OF  A  CHANNEL 
ON  THE  VAPOR  CONTENT  PER  UNIT 
VOLUME  OF  A  MEDIUM  DURING  BOILING 


Z.  L.  Miropol'skiy,  R.  I.  Shneyerova, 

A.  I.  Karamysheva,  E.  T.  Semin, 
and  M.  N.  Vinogradova 

Abbreviations 

ct  -  rod 
06  -  course 
n  -  surface 
Hac-'-  saturation 

At  the  present  time  a  number  of  works  have  been  published  on 
the  study  of  true  vapor  content  per  unit  volume  during  the  forced 
motion  of  a  steam-water  mixture  in  channels  of  various  shapes 
[1-5].  However,  the  available  data  are  insufficient  for  Judging 
the  effect  of  geometric  parameters  on  <J>,  particularly  the  very 
little  data  available  for  channels  of  complex  configuration  such 
as  rod  channels  with  small  gaps  between  the  rods  (6  _  )  or 

between  the  rods  and  the  unheated  course  (5CTt-06)* 

Because  of  this  the  authors  made  an  experimental  de¬ 
termination  of  the  values  of  <j>,  averaged  over  a  cross  section, 
during  the  motion  of  a  working  medium  in  a  vertical  cylindrical 
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channel  with  diameter  17.2  mm.  Inside  of  which  were  three  heat¬ 
releasing  rods  5.1  mm  in  diameter  with  a  spacing  of  8  mm.  The 
quantity  =  2.9  mm,  and  <5  -  =  l.1!  mm.  The  arrangement 

of  the  rods  was  asymmetric  along  the  angles  of  ah  equilateral 
triangle  and  the  equivalent  hydraulic  diameter  of  the  channel  was 
6.7  mm.  The  rods  were  heated  for  a  length  of  400  mm  by  passing 
ac  current  along  them.  The  unheated  length  of  the  rod  at  input 
was  40-155  mm. 

The  quantity  $  was  determined  by  radiographic  inspection  with 
a  wide  divergent  beam  of  y-rays  [6]  a  distance  of  20,  135  >  and 
312  mm  from  the  beginning  of  the  heated  section,  i.e.,  1/ dg  was 
here  3,  20,  and  45  respectively.  Tests  were  made  at  pressures  of 

p 

30  and  98  bar,  mass  velocities  from  100  to  1000  kg/m  ‘S,  and 

2 

specific  thermal  fluxes  from  0.2  to  2  MW/m  .  The  relative 
enthalpy  of  the  working  medium  in  the  control  sections  varied 
from  -0.4  to  +0.3;  the  working  medium  was  prepared  by  preheating 
deaerated  and  desalted  water  from  the  lines  of  the  heat  and  power 
station.  After  the  experimental  section  the  medium  was  cooled  in 
a  heat  exchanger  and  its  flow  rate  was  measured  by  a  measuring 
tank.  The  enthalpy  of  the  medium  in  the  control  sections  was 
determined  according  to  the  enthalpy  of  the  feed  water  at  input  to 
the  stand,  taking  into  account  the  heat  introduced  and  the  thermal 
losses  determined  by  special  calibration. 

For  gamma  transmission  the  radioactive  isotope  Te-127  was 
used  with  gamma  quanta  energy  of  0.088  MeV.  The  maximum  absolute 
error  in  determining  <J>  was  ±0.05. 

Figures  1  and  2  present  the  results  of  tests  for  a  cross 
section  located  312  mm  from  the  beginning  of  heating,  in  the  form 
of  the  dependence  of  true  vapor  content  per  unit  volume  <j»  on 
relative  enthalpy  x,  specific  flow  q,  and  mass  velocity  wp.  Here 
the  calculated  values  are  plotted  for  flow-rate  vapor  content 
per  unit  volumes- - — =  for  adiabatic  flow  in  absence  of 
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phase  slip.  Prom-  an  examination  of  these  data  it  follows  that 
in  the  presence  of  the  heating  of  rods,  values  of  +  other  than 
zero  are  noted  in  the  zone  of  negative  relative  enthalpies  and 
are  larger  the  higher  the  thermal  flux.  Accordingly,  with  equal 
values  for  x  in  this  zone,  +  increases  with  an  increase  in  q. 
With  an  increase  in  x  this  difference  decreases. 


Pig.  1.  Dependence  of  ^  on  x,  wg,  and  q.  A 
three-rod  channel  p  *  30  bar. 


When  comparing  the  data  obtained  with  various  mass  velocities 
we  can  see  that  in  the  region  of  negative  relative  enthalpies  «j>  is 
reduced  with  an  increase  in  wp,  while  in  the  region  of  positive  x 
an  inverse  relationship  is  observed. 

Relative  to  the  effect  of  pressure  on  it  can  be  noted  that 
in  the  region  of  negative  values  for  x  there  is  observed  an  in¬ 
crease  in  <J>  with  an  increase  in  pressure;  this  effect  is  most 
strongly  manifested  at  small  wp.  With  positive  values  for  x  and 
an  increase  in  pressure, $  decreases  since  higher  values  of  0 
respond  to  equal  values  of  x  at  high  pressures. 


Fig.  2.  Dependence  of  <J>  on  x,  wg,  and  q.  A  three- 
rod  channel  p  =  98  bar. 

The  effect  on  <p  of  the  relative  length  of  the  section  of 
thermal  stabilization  is  shown  in  Fig.  3.  Here  it  is  apparent 
that,  all  other  conditions  being  equal,  in  the  region  of  negative 
values  for  x,  <p  increases  with  an  increase  in  the  length  of  the 
connected  heated  section,  particularly  in  its  initial  zone  since 
the  change  in  <j>  with  a  change  in  the  relative  length  of  the 
section  from  3  to  20  is  significantly  greater  than  with  a  subse¬ 
quent  change  in  l/&3  from  20  to  ^5.  It  should  be  noted  that  in 
pipes  and  channels  with  large  gaps  the  effect  of  the  initial 
section  appears  to  a  lesser  extent,  for  example,  only  when  1/ d  < 

10.  With  an  increase  in  relative  enthalpy  of  the  medium  the  effect 
of  the  initial  section  on  decreases  and  in  the  region  of  positive 
values  for  x  (in  practice,  when  x  >  0.05)  in  the  studied  parameter 
range  the  effect  of  the  length  of  the  connected  sections  on  <j>  is 
not  noted. 


The  above  mentioned  character  of  the  dependence  of  $  on  mass 
velocity,  pressure,  and  the  length  of  the  connected  sections  in 
the  region  of  negative  relative  enthalpies  of  the  medium  is 
explained  by  the  following  characteristics  of  the  studied  process. 
Surface  boiling  begins  <^nly  when  surface  temperature  becomes 
higher  than  saturation  temperature  by  several  degrees.  In  the 
first  approximation  the  beginning  of  surface  boiling  can  be  de¬ 
termined  from  condition 

where  a  is  the  heat  transfer  factor  in  the  absence  of  boiling. 


Fig.  3.  The  effect  on  0  of  the  length 
of  the  connected  heated  section.  A 
three-rod  channel  p  *  30  bar. 


302 


With  an  increase  in  mas<  'elocity  a  grows  and,  accordingly, 
t  ,  tn,  and  x  increase  ,  in  response  to  the  beginning  of  boiling 
or  a  given  value  of  q. 

When  q  and  wp  are  equal,  with  an  increase  in  pressure  con¬ 
dition  (1)  is  fulfilled  at  higher  tn,  i.e.,  at  somewhat  higher 
values  of  a  (due  to  the  reduction  in  water  viscosity  and  the  in¬ 
crease  in  the  Reynolds  number);  consequently,  the  difference  in 
temperature  Ai  =  i*  «*  i  and  the  difference  in  enthalpy  At  =  t 
-  t  somewhat  decrease  .  with  an  increase  in  pressure,  while 
Ax  =  Ai/r  increases  since  the  heat  of  vaporization  decreases  more 
significantly  than  Ai.  The  beginning  of  boiling  is  shifted  to 
the  region  of  lower  values  for  relative  enthalpy. 

The  reduction  in  $  in  the  initial  section  of  the  channel  is 
also  apparently  connected  with  the  fact  that  a  here  is  higher  than 
it  is  in  the  presence  of  thermal  stabilization;  therefore,  boiling 
begins  at  higher  values  for  tR  and  x.  In  addition,  in  the  initial 
sections  of  the  channel  the  amount  of  vapor  bubbles  which  enter 
from  the  connected , heated  sections  and  can  not  be  condensed 
decreases. 

Figure  ^  presents  experimental  data  on  true  vapor  content  per 
unit  volume  obtained  by  the  authors  of  reference  [1]  on  the  same 
stand  during  the  motion  of  a  working  medium  in  a  vertical  pipe 
with  an  internal  diameter  of  15.7  mm.  The  pipe  was  heated  on  a 
length  of  approximately  500  mm;  gamma  transmission  was  accomplished 
for  a  distance  of  3^0  mm  from  the  beginning  of  heating,  i.e.,  1/6 
was  approximately  22.  A  comparison  between  this  data  and  that 
published  in  [6]  for  a  pipe  with  a  smaller  diameter  (approximately 
8  nun)  shows  that  when  x  >  0  the  value  of  increases  with  a 
decrease  in  diameter.  In  reference  [2]  it  is  noted  that  in  the 
zone  of  negative  relative  enthalpy  the  effect  of  the  diameter  on 
4>  is  not  detected. 
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Since  the  data  presented  in  Figs.  1,  2,  and  4  were  obtaineu 
in  the  parameter  region  where  the  effect  of  the  length  of  the 
connected  section  is  small,  they  can  be  compared  in  order  to 
illustrate  the  effect  of  the  geometric  shapes  of  a  channel  section 
on  4>  with  near  values  for  the  remaining  determining  parameters. 
With  such  a  comparison  we  see  that  in  the  region  of  negative 
values  for  x  the  vapor  content  per  unit  volume  in  the  rod  channel 
with  narrow  gaps  (5min  *  1.4  mm)  is  noticeably  higher  than  in  the 
pipes  and  in  the  region  of  positive  values  for  x  this  difference 
levels  off,  i.e.,  surface  boiling  of  liquid  in  the  rod  channel 
begins  at  lower  values  of  x  than  in  the  pipes.  Apparently  this 
is  explained  by  the  fact  that  in  the  narrow  gaps  between 
neighboring  rods  or  the  rods  and  the  channel  wall  the  velocity  of 
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the  flow  is  considerably  less  than  average  while  the  enthalpy  of 
the  medium  is  higher  [?]•  The  presence  of  turbulent  mass  exchange 
is  insufficient  for  equalizing  enthalpy  in  the  cross  section  of 
the  rod  channel  and  is  sufficient  for  the  high  condensation  of 
vapor  bubbles  generated  here. 

Conclusions 

1.  In  rod  channels  with  narrow  gaps  between  the  rods  or 
between  the  rod  and  the  course  (on  the  order  of  1.5  mm  and  less) 
surface  boiling  begins  with  smaller  thermal  fluxes  or  smaller 
medium  enthalpies  than  in  pipes,  i.e.,  in  comparable  conditions 
in  the  region  of  negative  relative  enthalpies,  in  rod  channels 
is  higher  than  in  pipes. 

2.  True  vapor  content  per  unit  volume  in  channel  cross 
sections  located  at  a  comparatively  small  distance  from  the  be¬ 
ginning  of  heating,  all  other  conditions  being  equal,  can  also 
depend  on  the  length  of  the  connected  heated  sections,  increasing 
with  an  increase  in  this  length.  With  an  increase  in  medium 
enthalpy  the  effect  on  <J>  of  the  length  of  connected  sections 
decreases . 
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CALCULATING  THE  VAPOR  CONTENT 
FIELD  IN  CYLINDRICAL  VERTICAL 
CHANNELS 

I.  P.  Kornyukhin 

In  studying  the  hydrodynamics  of  two-phase  flow  and  in 
certain  practical  applications  it  is  necessary  to  know  the  radial 
distribution  of  vapor  content  $(r)  in  a  cylindrical  channel.  The 
radiographic  inspection  of  a  channel  along  the  chords  by  a  narrow 
beam  of  y-rays  enables  us  to  determine  only  the  field  of  local 
vapor  contents  or  vapor  contents  averaged  along  the  chords. 

(The  term  "local  vapor  content"  used  in  many  works  is  unsatisfac¬ 
tory  since  the  concept  "local"  is  usually  connected  to  the  value 
of  a  function  at  a  point.  In  our  discussion  we  shall  use  the 
term  "chordal  vapor  content"  instead.)  However,  the  function  of 
radial  distribution  can  be  calculated  according  to  the  known  field 
of  chordal  vapor  contents.  There  are  a  number  of  methods  for 
such  calculations  [1,  2].  The  method  of  K.  Schwartz  [1]  is  the 
most  familiar.  The  function  of  radial  vapor  content  distribution 
(or  mixture  density)  in  a  cylindrical  channel  under  axial  symmetry 
can  be  represented  by  the  polynomial 

A 

f^)53  S0*'** 

*-o 

where  r  is  the  relative  value  of  the  channel  radius  (0  <  r  <  1); 
a^  is  the  constant  coefficient. 
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The  value  of  the  constant  coefficients  a^  is  determined  on 
the  basis  of  the  boundary  conditions  (two  boundary  conditions)  and 
t;he  results  of  a  radiographic  inspection  of  the  channel  along 
chords.  The  connection  between  the  number  of  terms  of  the,  poly¬ 
nomial  n  +  1  and  the  number  of  chords  m  along  which  the  radio- 
graphic  inspection  is  made  (in  the  more  general  case  -  the  number 
of  node  points  m  for  which  the  values  of  chordal  vapor  contents 
f  are  known)  is  expressed  by  the  relationship 

n  +  1  =  m  +  2. 

However,  in  spite  of  the  relative  simplicity,  the  Schwartz 
method  has  a  substantial  disadvantage  -  it  does  not  give  an 
objective  criterion  for  checking  the  accuracy  of  the  results 
obtained.  Because  of  this  it  is  pertinent  to  examine  several 
possible  cases  which  can  be  represented  when  calculating  the 
function  <{>(r)  according  to  this  method. 

1.  The  coefficients  of  polynomial  (1)  do  not  decrease.  The 
series  whose  argument  varies  within  0  <  r  <  1  does  not  converge 
and  it  is  difficult  to  expect  a  satisfactory  correspondence  between 
the  calculated  vapor  content  distribution  and  the  actual  one. 

2.  The  coefficients  of  polynomial  (1)  decrease.  In  this 
case,  it  is  not  possible  to  judge  the  convergence  of  the  series 
and  the  question  of  correspondence  between  the  actual  distribution 
and  the  calculated  distribution  remains  open. 

The  accuracy  of  the  method  could  be  improved  by  increasing 
the  number  of  nodal  points  m.  At  the  limit,  while  increasing 
to  infinity,  we  can  achieve  full  correspondence  between  the 
calculated  profile  of  vapor  content  and  the  actual  one.  However 
this  method  involves  an  enormous  amount  of  calculation  and  is 
scarcely  advisable. 
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In  addition,  a  check  was  made  of  the  reliability  of  the 
Schwartz  method  by  comparing  the  distribution  curves  when  function 
<f>(r)  is  given  by  different  equations.  Such  studies  were  made  for 
two  variants  -  when  4>(r)  is  given  by  a  power  polynomial  (1)  and 
by  a  trigonometric  polynomial 

ft 

?(r)«Va*cos-§-r.  (2) 

In  both  cases,  the  calculation  involved  the  same  values  for 
chordal  vapor  content  obtained  in  one  of  the  works  from  ENIN 
[Power  Engineering  Institute  im.  G.  M.  Krzhizhanovskiy ]  when 
m  =  On  Pig.  1  curves  1  and  2  in  relative  form  4>(r)  *  <p(r)/<p(<p) 
(true  vapor  content  per  unit  volume  averaged  along  the  cross 
section)  represent  the  distribution  curves  calculated  according 
to  equation  (1)  and  (2).  The  correspondence  between  them  is  not 
satisfactory,  another  indication  of  the  insufficient  reliability 
of  the  Schwartz  method. 

Also  known  are  two  methods . which  make  it  possible  to  calcu¬ 
late  the  true  vapor  content  per  unit  volume  averaged  in  a  certain 
range  of  radius  variation.  One  of  them  was  used  at  the  MO  TsKTI 
[Moscow  Branch  of  the  Central  Scientific  Research,  Planning  and 
Design  Boiler  and  Turbine  Institute  im.  I.  I.  Polzunov]  by  G.  I. 
Aleynikov  and  Ye.  K.  Golubev,  and  the  other  was  used  at  the  ENIN 
by  I.  S.  Dubrovskiy.  However,  both  these  methods  make  it  possible 
to  only  approximately  determine  the  form  of  the  function  <|>(r). 
Because  of  this,  the  author  has  developed  a  strict  analytical 
method  for  calculating  the  radial  distribution  of  vapor  content;, 
which  will  be  presented  below. 

As  we  know,  radiographic  inspection  of  a  channel  by  a  narrow 
beam  of  y-rays  enables  us  to  determine  vapor  content  averaged 
along  the  path  of  the  ray.  For  a  cylindrical  channel  we  can  thus 
obtain  the  vapor  content  averaged  along  a  chord  (diameter),  i.e., 
the  chordal  vapor  content.  This  quantity  can  be  represented  as 
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the  average  value  of  the  integral  of  function  <J>  (r* )  along  the 
corresponding  chord  (Pig.  2): 

/?4rf?<r)4’-  (3) 


Pig.  1.  Curves  of  radial 
vapor  content  distribution: 

1  -  Schwartz  method  (equation 
1);  2  -  Schwartz  method 
(equation  2);  3  -  Method  used 
in  our  work  (equations  5-7). 


It  is  assumed  that  the  field  of  vapor  contents  is  axial. 
The  correctness  of  this  assumption  for  vertical  cylindrical 
channels  is  indicated  in  a  number  of  works  [1,  3,  4]. 


On  the  basis  of  (3)  we  can  calculate  the  average  vapor 
content  for  any  chord  of  the  channel.  A  generalization  of  this 
equation  for  a  chord  located  at  distance  x  from  the  axis  of  the 
channel  (0  <  x  <  1)  and  a  change  of  variables  give: 


i 


g  (r)  rrfr 


(4) 


Function  f(x)  can  be  plotted  on  the  basis  of  the  results  of 
a  radiographic  inspection  of  the  channel  along  chords  and  in  the 
subsequent  analysis  is  assumed  to  be  given.  In  this  case, 
relationship  (4)  can  be  considered  an  equation  relative  to 
function  <j>(r).  This  equation  is  integral.  According  to  the 
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Fig.  2.  Diagram  of  the  radio- 
graphic  inspection  of  a 
cylindrical  channel  by  a 
narrow  beam  of  y-quanta. 

v  .  ■ 
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solution  method,  it  is  near  an  integral  equation  of  the  Abel  type. 
Its  solution  gives  an  analytical  expression  for  calculating  the 
distribution  (x* )  according  to  the  known  function  f(x): 


where 


dx 


F(x)=/(x)V'\  -x*. 


(5) 

(6) 


Analysis  of  this  expression  showed  that  the  necessary  con 
dition  of  boundedness  for  <j>(r)  when  r  *  0  is  the  equality 


dF(x)  _0 
~"dF~  ' 

X-0 


(7) 


which,  taking  into  account  (6),  is  transformed  to: 


(8) 


Physically,  the  condition  (8)  means  that  the  value  of  chordal 
vapor  content  obtained  by  radiographic  inspection  in  a  diametrical 
plane  must  be  extremal.  With  axlsymmetric  distribution  of  vapor 
content  such  a  statement  is  sufficiently  rational. 
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In  deriving  equation  (5),  no  limitations  connected  with  the 
specifics  of  vapor  content  are  imposed  on  functions  f(x)  and  <f>(r). 
Therefore,  under  conditions  of  axial  symmetry  equations  (5-7)  can 
be  used  for  calculating  the  radial  distribution  of  any  parameter 
according  to  a  given  field  of  chordal  values. 

Several  peculiarities  in  calculating  <f>(r)  should  be  mentioned. 
Both  graphic  and  numerical  differentiation  of  functions  f  (x)  and 
F(x)  can  be  rather  time-consuming  and  insufficiently  accurate. 
Because  of  this  it  is  advisable  to  interpolate  beforehand  the 
function  F(x)  by  a  polynomial  (or  several)  with  the  subsequent 
analytical  differentiation  and  integration.  (Interpolation  by  a 
polynomial  of  function  f(x)  directly  would  lead  to  a  considerable 
complication  in  the  calculations).  It  should  be  kept  in  mind  that 
polynomial  F(x)  must  satisfy  condition  (7). 


Fig.  3.  Interpolation  of  test  values  for 
chordal  vapor  contents  by  a  polynomial. 


The  use  of  this  method  can  be  demonstrated  by  the  following 
example.  On  the  graph  in  Fig.  3  the  points  indicate  the  values 
of  F*(xi)  =  F(x^)/>  (i-number  of  chord)  calculated  according  to 
equation  (6)  on  the  basis  of  the  test  values  for  f(x^).  Here  the 
interpolated  curve  and  its  equation  are  presented.  The  vapor 
content  field  4>(r)  was  found  according  to  equation  (5)  on  the 
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basis  of  the  obtained  function  F*(x).  The  results  of  calculation 
are  presented  in  Fig.  1  (curve  3).  All  curves  shown  on  this 
graph  are  calculated  for  identical  values  of  corresponding  chordal 
vapor  contents.  Comparison  of  curves  1  and  2  with  curve  3  shows 
that  the  use,  in  this  case,  of  the  Schwartz  method  leads  to 
erroneous  results. 
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AN  EXPERIMENTAL  STUDY  ON  FLOW 
STABILITY  IN  STEAM-GENERATING 
PIPES  WITH  VARIABLE  LENGTHS 
OF  HEATED  AND  UNHEATED  SECTIONS 

V.  I.  Lezin  and  0.  K.  Smirnov 

Conditions  which  allow  unsteady  regimes  of  heat  carrier 
motion  in  channels  connected  in  parallel  are  related  to  their 
design  characteristics  [1,  2]. 

In  this  work  we  shall  examine  the  test  results  obtained  on 
an  experimental  installation  of  the  MEI  [Moscow  Power  Engineering 
Institute]  [3],  with  variations  in  the  length  of  the  heated  and 
unheated  sections  by  a  redistribution  of  the  heat  supply  and  a 
lengthening  of  the  working  channel. 

The  central  part  of  the  experimental  installation  consists 
of  two  steam-generating  pipes  with  an  internal  diameter  of  4  mm, 
joined  at  input  and  output  by  common  collectors  (Pig.  1).  Water 
at  a  given  temperature  is  fed  from  a  connected  preheater  into  the 
input  collector  and  then  into  the  working  pipes.  After  the 
collector  the  steam-water  flow  enters  a  cooler  where  it  is  con¬ 
densed  and  the  cooled  condensate  is  drained  into  a  supply  tank. 
The  water  is  circulated  by  three  ND  pumps. 
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Fig.  1.  Diagram  of  experimental  installation: 

1  -  Heated  section;  2-  Collector;  3  -  Mounting; 
4  -  Throttle  washer;  5  -  Throttle  valve; 

6  -  Measuring  disk;  7  -  Removable  vessels; 

8  -  Stimulating  disk. 


The  working  pipes  are  heated  by  passing  low-voltage  ac 
current  through  them.  On  one  of  the  pipes  heat  supply  is  effected 
on  three  sections  with  the  independent  control  of  thermal  load; 
on  the  shunting  pipe  this  is  done  on  two  sections.  The  length 
of  the  heated  sections  varies  during  the  displacement  of  the 
sliding  current  supply. 

The  overall  length  of  each  working  pipe  is  7 • 26  m.  On  the 
beginning  and  end  sections  of  the  pipes  there  are  removable 
flange  joints  to  which  additional  mountings  of  pipes  with  an 
internal  diameter  of  4  mm  are  connected. 

At  the  input  into  each  pipe  are  flow-rate  measuring  disks 
and  throttles  in  the  form  of  removable  calibration  washers  or  a 
needle  valve.  At  the  output  from  the  pipes  there  are  also 
throttle  washers. 

Studies  were  made  in  the  pressure  range  30-100  atm  (tech.); 

2 

mass  velocity  varied  from  200  to  750  kg/m  *s,  and  thermal  loading 
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on  separate  sections  from  100,000  to  600,000  kcal/m^*h. 

The  first  group  of  tests  was  made  with  variation  in  the  heat 
supply  along  the  length  of  the  working  pipes.  In  the  second  group, 
tests  were  conducted  with  a  change  in  the  length  of  the  working 
pipes  because  of  the  connection  of  .the  unheated  mountings.  In  the 
third  group  of  tests  throttle  washers  were  used  on  the  working 
pipes  in  front  of  the  collector. 

The  effect  of  thermal  load  distribution  along  the. length  of 
the  channels,  was  studied  in  tests  with  a  redistribution  of  the 
heat  supply  and  disconnection  of  the  heating  on  part  of  the 
evaporative  channel  during  constant,  as  well  as  variable,  total 
heat  supply.  The  position  of  the  boiling  point  was  kept  constant 
in  all  the  regimes  by  the  corresponding  control  of  heating  power 
on  the  economizer  channel.  Each  test  involved  work  with  several 
regimes.  In  one  series  of  tests  the  regimes  were  distinguished 
by  the  value  of  thermal  load  on  the  beginning  section  of  the 
evaporative  channel  with  a  constant  value  of  total  heat  supply, 
in  the  other  series,  by  the  value  of  vapor  content  at  output  from 
the  pipe  during  a  constant  value  for  thermal  load  on  the  Initial 
section  of  the  evaporative  channel. 

The  length  of  the  heated  section  of  the  evaporative  channel 
in  the  various  tests  was  3>^,  2.55,  and  1.7  m.  Loss  in  motion 
stability  was  fixed  by  the  appearance  of  interpipe  flow-rate 
oscillations.  Regimes  in  the  immediate  vicinity  of  the  motion 
stability  boundary  recurred  by  passage  from  the  stable  region  to 
the  pulsation  region  and  vice  versa. 

The  effect  of  the  length  of  the  steam-generating  pipes  was 
studied  with  the  use  of  mountings  on  the  unheated  sections  of  the 
economizer  and  evaporative  channels  (see  Pig.  1).  Mountings  1,  3, 
and  6  m  long  with  throttle  valves  were  installed  at  input  to  the 
pipes.  The  same  pressure  drop  was  ensured  on  all  mountings  by 
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regulating  the  valve.  The  steam-generating  pipes  were  heated 
uniformly  along  the  length.  By  gradually  increasing  the  thermal 
load  they  passed  from  stable  regimes  to  pulsation  regimes  and  thus 
the  stability  boundary  of  the  heat  carrier’s  motion  was  determined. 
Unlike  the  others,  these  tests  were  made  with  a  different  tem¬ 
perature  at  input  to  the  distributing  collector. 

The  same  methodology  as  used  in  the  first  group  of  tests  was 
used  in  the  tests  with  mountings  and  throttle  washers  on  the 
output  ends  of  the  pipes,  i.e.,  the. length  of  the  economizer 
channel  was  kept  constant  and  the  uniformity  of  heating  and  the 
total  heat  supply  on  the  evaporative  channel  was  varied.  Mountings 
3  and  6  m  long  covered  with  thermal  insulation  were  used. 

From  the  test  material  obtained  a  clear  relationship  is 
apparent  between  the  motion  stability  boundary  and  the  heat  supply 
distribution  along  the  evaporative  channel;  An  increase  in 
thermal  loading  on  the  initial  section  of  the  evaporative  channels, 
as  with  an  increase  in  the  overall  heating  level,  leads  to  the 
appearance  of  intercoil  pulsations. 

An  increase  in  channel  length  because  of  the  unheated  section 
on  the  economizer  channel  improves  flow  stability.  On  the  other 
hand,  the  lengthening  of  channels  due  to  the  unheated  section  on 
the  evaporative  channel  reduces  flow  stability. 

Data  from  all  tests  were  processed  with  respect  to  the  value 

of  the  relative  flow  throttling,  effective  vapor  content,  passage 

time,  and  the  specific  weight  of  the  medium.  As  a  generalizing 

function  we  obtained  the  function  in  coordinates  C_v  »  f(y)  where 

c  is  the  reduced  coefficient  of  resistance  on  the  economizer 
’bx 

section  (includes  local  resistances  of  the  input  throttle  and 
measuring  disks  and  the  linear  resistance  of  friction  of  the 
economizer  section),  and  y  is  the  average  integral  value  of  the 
specific  weight  of  the  medium  in  the  vapor-containing  channel. 
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Figure  2  presents  the  generalizing  function  according  to 
tests  at  a  pressure  of  70  atm  (tech.)  where  the  most  complete  data 
were  available. 


Fig.  2.  Boundary  value  of  the  reduced  coefficient  of 
resistance  versus  specific  weight  of  the  medium  in  the 
steam-containing  sections  when  p  »  70  atm  (tech.): 

0  -  with  redistribution  of  the  thermal  load  along  the 
length  of  the  evaporative  channel;  A  -  with  discon¬ 
nection  of  heating  on  part  of  the  evaporative  channel; 
x  -  with  unheated  mountings  on  the  economizer  channel; 
a  -  with  unheated  mountings  on  the  evaporative  channel; 
0  -  with  a  variable  quantity  of  heated  economizer 
section. 
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The  experimental  points  correspond  to  stable  regimes  near 
the  boundary  of  intercoil  pulsations.  Similar  functions  were 
obtained  in  tests  at  other  pressures. 

As  is  apparent  from  Fig.  2,  the  data  from  tests  with  a 
different  character  of  heat  supply  distribution,  including  the 
reduction  in  the  length  of  the  heated  section  on  the  evaporative 
channel,  are  described  by  one  curve.  The  relationship  obtained 
also  indicates  a  shifting  of  the  motion  stability  boundary  with 
a  change  in  the  total  heat  supply  on  the  evaporative  channel. 

Experimental  points  corresponding  to  regimes  with  mountings 
on  the  economizer  channel  are  indicated  on  the  curve  in  Fig.  2. 
This  means  that  an  increase  in  channel  length  because  of  the 
heated  sections  of  the  economizer  channel  affects  motion  stability 
just  as  the  installation  of  an  additional  throttle  washer  with  a 
resistance  equal  to  the  pressure  drop  on  this  section.  In  tests 
with  variable  temperature  at  input  to  the  distributing  collector, 
the  length  of  the  economizer  channel  was  changed  by  a  factor  of 
almost  two.  Experimental  points  obtained  in  these  tests,  for  all 
practical  purposes,  fall  within  the  general  relationship.  The 
effect  of  increasing  the  length  of  the  steam-containing  channel, 
as  is  apparent  from  Fig.  2,  is  taken  into  account,  with  sufficient 
accuracy,  by  changing  the  specific  weight  y. 

A  series  of  tests  with  identical  pressure  drops  on  the 
mountings  of  the  evaporative  channel  was  made  in  this  work.  A 
valve  covered  the  shortest  mounting  and  thus  the  total  pressure 
drop  on  this  mounting  and  valve  was  varied  up  to  a  value  equal  to 
the  pressure  drop  on  the  longest  mounting.  Then  by  redistributing 
the  heat  supply  on  the  evaporative  channel,  we  determined  the 
motion  stability  boundary  of  the  heat  carrier.  The  processing  of 
tests  showed  that  when  the  total  pressure  drops  are  equal,  loss 
of  motion  stability  occurs  under  identical  conditions.  This  made 
it  possible  to  plan  a  way  to  evaluate  quantitatively  the  effect  on 
the  installations  at  channel  output  of  the  throttle  washers  used 
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as  stimulating  washers  during  studies  on  pulsation  phenomena. 
Obviously,  in  order  to  determine  the  boundary  of  stable  regimes 
we  should  arbitrarily  replace  the  washer  with  an  equivalent 
element  -  an  unheated  mounting  with  the  same  pressure  drop;  then 
calculation  reduces  to  the  computation  of  the  average  specific 
weight  of  the  medium  in  the  evaporative  channel  and  a  determination, 
according  to  the  curve  in  Pig.  2,  of  the  necessary  reduced  re¬ 
sistance  for  the  economizer  channel. 


Pig.  3.  Comparison  of  tests  and  calculated  values  of 
C  on  the  stability  boundary  of  the  heat  cai’rier's 
motion  at  pressures  30-100  atm  (tech.)  and  mass  velocity 
of  flow  376-565  kg/s  with  throttle  washers  at  output 
from  the  channels: 

a  -  washers  with  an  opening  of  1.5  mm;  0  -  washers  with 
an  opening  of  2  mm;  A  -  washers  with  an  opening  of  2.5 
mm;  x  -  washers  with  an  opening  of  3*5  mm;  +  -  washers 
with  an  opening  of  3  mm. 
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This  method  of  evaluating  the  washer  effect  was  checked 

(Pig.  3)  during  a  comparison  of  the  values  of  c  based  on  the  data 

of  this  work,  and  also  presented  in  [3],  with  the  calculated 

values  for  ? 

*pacs 
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STRUCTURE  OF  FLOW  OF  A  STEAM-WATER 
MIXTURE  IN  A  VERTICAL  UNHEATED 
PIPE  AT  HIGH  PRESSURES 


S.  M.  Lukomskiy,  P.  I.  Povarnin, 
and  R.  I.  Shneyerova 

'  In  order  to  observe  the  structure  of  flow,  a  visual  section 
was  used  on  an  ascending  pipe  of  a  circulation  loop  and  high-speed 
movie  photography  was  applied. 

The  loop  was  made  of  steel  pipes  with  a  vertical  section 
diameter  22.5/36  mm,  horizontal  section  diameter  30/42  mm,  total 
height  of  loop  approximately  6  m.  The.  loop  was  equipped  with  a 
separator  for  separating  the  vapor-liquid  mixture  and  a  condenser. 
A  throttle  gate  is  located  on  the  descending  section  of  the  loop 
to  regulate  the  flow  rate  of  the  working  fluid.  Visual  obser¬ 
vation  and  motion  pictures  of  the  cell  structure  in  the  pipe 
were  made  through  a  glass  viewing  section  located  on  the  ascending 
branch  of  the  loop  4  m  above  the  heaters. 

The  visual  section  (Pig.  1)  consisted  of  a  steel  frame  in 
which  a  pyrex  tube  is  set  whose  internal  diameter  (22.5  mm)  is 
equal  to  the  internal  diameter  of  the  ascending  pipe  in  order  to 
ensure  the  constancy  of  the  hydrodynamic  conditions  in  both  pipes. 
There  are  two  holes  in  the  frame  for  the  adjusting  screws  which 
have  cylindrical  glass  14  mm  thick  installed  in  them.  The  main 
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glass  is  duplicated  by  a  second  safety  glass  identical  in  shape 
and  size.  The  entire  device  is  further  provided  with  protective 
flanges  which  are  connected  by  pins  passing  through  from  the 
outside  of  the  section.  This  adaptation  was  extremely  effective 
since  during  heating  and  the  increase  in  dimensions  of  the  whole 
section,  the  tie  pins  remained  cool  and  provided  additional 
tightening.  This  construction  made  it  possible  to  photograph  at 
pressure  above  100  atm  in  the  installation. 


Fig.  1.  Overall  diagram  of  installation: 

1  -  Safety  bolt;  2  -  Safety  glass;  3  -  Working  glass; 

4  -  Insert;  5  -  Tie  bolts;  6  -  Protective  flanges; 

7  -  Pyrex  tube. 

Tests  were  made  on  distilled  deaerated  water.  Preheating 
and  partial  evaporation  of  the  working  fluid  was  accomplished  by 
the  electric  heaters.  During  the  tests  the  following  parameters 
were  measured:  pressure,  temperature  in  the  experimental  and 
descending  section,  circulation  velocity,  the  capacity  on  the 
electric  heaters,  and  exposure  speed. 
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To  determine  the  pressure  in  the  installations  a  precision 
diagram  [1]  was  used,  consisting  of  a  series-connected  differential 
manometer,  filled  with  mercury,  and  a  compensating  standard 
balance  press,  which  provided  measurement  sensitivity  of  ±5  mm  Hg. 

Movie  photography  was  performed  in  the  transmitted  light  of 
an  SKS-1  high-speed  camera.'  The  light  source  was  a  two-kilowatt  • 
lamp  with  a  reflector. 

In  order  to  set  up  an  overall  representation  of  the  character 
of  the  hydrodynamic  regimes,  film  was  examined  through  a  16-NP-6 
movie  projector  with  a  film  advancement  speed  of  16-24  frames  per 
second  which,  with  an  exposure  speed  of  1000  frames  per  second, 
slowed  the  motion  by  a  factor  of  fifty.  Through  marks  applied  to 
the  film  every  one  hundredth  of  a  second  by  a  neon  lamp,  we  could 
more  precisely  define  the  exposure  speed  for  a  given  section  of 
film;  the  quantity  of  vapor  bubbles  and  vapor  locks  was  measured 
and  the  speed  of  their  motion  along  the  axis  of  the  pipe  was 
calculated. 

To  provide  a  visual  representation  of  flow  structure,  we 
made  photoillustrations,  conditionally  called  "pictures  of  stopped 
regime,"  which  were  compiled  as  follows:  the  leading  edge  of  the 
head  of  a  vapor  lock,  which  was  usually  clearly  outlined,  passed 
through  the  space  of  the  viewing  window  during  a  time  corresponding 
to  the  passage  of  n-^  frames.  Then  on  the  n^  frame  we  had  an 
image  of  the  entire  segment  of  the  lock  whose  length  equalled  the 
diameter  of  the  viewing  window;  after  counting  off  the  following 
n-^  frames,  we  obtained  op  the  2n^  frames  a  full  image  of  the  next 
segment  of  the  vapor  lock  whose  length  also  equalled  the  diameter 
of  the  viewing  window. 

This  operation  was  performed  for  the  entire  segment  of  film 
studied  -  from  one  lock  to  another.  The  frames  thus  chosen  were 
combined,  forming  an  image  or  an  illustration  of  this  regime. 
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It  should  be  noted  that  the  picture  presented  on  these  frames 
is,  in  essence,  the  unfolding  of  the  process  over  time  on  a 
section  l  =  22.5  mm  on  which  the  photography  was  accomplished. 
Therefore,  when  we  shall  subsequently  speak  of  the  "length"  of  a 
lock,  we  shall  mean  the  calculated  length  obtained  as  the  product 
of  the  lock  passage  time  through  the  viewing  window  times  the 
speed  of  its  motion. 

Series  of  visual  observations  and  motion  picture  photography 
were  made  at  pressures  of  10,  30,  and  50  atm  and  single  shots  were 
taken  at  higher  pressures  -  60,  70,  and  80  atm.  Generally  the 
photographs  were  made  during  a  stationary  operating  mode  when,  for 
a  long  period  of  time,  on  the  order  of  1-2  hours,  constant  pressure, 
circulation  ra‘:e,  and  vapor  content  were  maintained. 

Part  of  the  photography  was  made  at  slowly  increasing 
pressure. 

However,  pressure  increased  sufficiently  slowly,  for  example, 
8-10  atm  in  one  hour;  exposure  time  for  one  cassette  (30  m  of 
film)  was  approximately  5  s.  Thus,  we  can  assume  that  during  the 
photography  pressure  was  constant.  It  should  be  noted  that  a 
comparison  of  the  photographic  results  at  identical  medium 
parameters  but  during  stationary  regimes  and  under  conditions  of 
slowly  increasing  pressure  indicated  complete  identity  of  flow 
structure. 

Table  1  gives  the  characteristics  of  some  of  the  films  taken, 
which  then  were  used  for  subsequent  processing  and  conclusions. 

Before  describing  the  results  of  the  motion  picture  photo¬ 
graphy,  we  should  pause  on  the  observations  made  during  the  tests 
directly  through  the  viewing  window.  At  low  pressures  below 
3  atm  an  alternation  could  be  seen  in  the  window  between  long 
vapor  locks  and  sections  of  pure  water;  in  several  cases  the 
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Table  1. 
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0,49 

25 

29,1 
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0,59 
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0,56 

0.9 

28 
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0,56 

0.91 
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1,16 

0,85 

33 
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0,58 
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40 

48,59 
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49 

48,82 

0,76 

'# 

50 

59,38 

0,98 

,  V 

52 

62,85 

0,895 

— 

54 

76,4 

0,54 

— 

KEY:  (1)  Film  No.  5  „ 
DESIGNATIONS:  K*/CMd  »  kg/cnT; 
m/cqk  ■  m/s. 


passage  time  for  such  a  lock  could  be  measured  with  a  stop  watch. 
However,  beginning  at  5-6  atm  and  above,  a  single  line  of  vapor 

bubbles  could  be  seen  in  the  window,  which  leads  us  to  speak  of 

the  establishment  of  an  emulsion  flow  regime,  i.e.,  a  flow  struc¬ 
ture  where  the  vapor  moves  in  a  liquid  mass  in  the  form  of  more 
or  less  uniformly  distributed  bubbles.  However,  an  examination 
of  the  photographic  material  revealed  considerable  complexity 
and  variety  of  structure  in  the  flow  which,  as  mentioned  above, 
during  observation  by  the  naked  eye  appeared  to  be  identical, 
consisting  of  a  group  of  "visually  emulsion"  regimes.  The 
vapor  bubbles  in  the  liquid  mass  have  a  variety  of  forms  and  sizes 
and  a  significant  portion  of  the  vapor  moves  in  the  form  of  a 
vapor  lock  filling  almost  the  entire  cross  section  of  the  pipe. 

The  presence  of  such  locks  of  any  size  can  be  observed  in  a 
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considerable  range  of  pressures  and  their  final  disappearance 
noted  only  when  approximately  80  atm  is  achieved. 

It  can  be  seen  that  at  constant  pressure  the  circulation  rate 
wQ  only  slightly  affects  the  character  of  the  flow  structure, 
while  a  change  in  the  reduced  vapor  rate  Wq  frequently  leads  to 
a  considerabie  change  in  the  observed  pattern. 


i  ; 

L_ 


Pig.  2.  Flow  structure  at 
30  atm: 

No.  24:  p  *  29.44  kg/cm2, 

Wq  *  0.59  m/sj  No.  28: 

p  »  29.85  kg/cm2,  w0  *  0.55 

m/s,  Wq  *  0.9  m/s;  No.  29: 

p  -  29.85  kg/cm2,  w0  *  1.15, 

Wq1(*  0.85  m/s. 

KEY:  (1)  Period  of  vapor 

lock  passage. 

DESIGNATION:  cbh  *  seconds. 
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The  difference  in  flow  structure  as  a  function  of  vapor 
content  is  quite  sharply  manifested  at  a  pressure  of  30  atm.  With 
a  circulation  rate  of  Wq  *  0.5  m/ s  and  a  reduced  vapor  rate  on  the 
order  of  0.5  m/s  long,  sharply  outlined  vapor  locks  with  foam 
formation  in  the  stern  were  observed  (Fig.  2);  such  a  structure 
was  seen  at  a  pressure  of  p  »  10  atm  (abs.)  (Fig.  3).  When 
w0  -  0.5-1  m/s  and  Wq  *  1  m/s  (films  24,  28,  29)  short  locks 
(50-60  mm)  were  fixed;  such  vapor  locks  frequently  do  not  fill  the 
pipe  cross  section  (see  Fig.  2). 
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Fig.  3*  Flow  structure  at 

10  atm: 

.-.A? 

No.  18;  No.  19,  No.  20: 
p  *  9.94  kg/cm2,  p  «  9.92 

* 

kg/cm2,  wQ  *  1.10  m/s. 

C':X_ 

* 

Wq  =  1.10  m/s,  wQ  *  0.515 

CM 

m/s,  w”  =  1.51  m/s,  wj  *  0.95 
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m/s,  Wq  *  1.21  m/s. 
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KEY:  (1)  Time  (in  seconds) 

of  picture  change  in  viewing 
window. 
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Extremely  intensive  foaming  occurs  at  the  same  time.  Large 
sections  of  film,  hundreds  of  frames  in  length,  are  apparently 
filled  with  foam  and  scarcely  let  any  light  through. 

At  higher  pressures  the  effect  of  the  reduced  vapor  rate 
decreases;  for  example,  when  p  *  50  atm  (abs.),  w£  *  0.73  m/s  and 
w”  =  0.54  m/s,  identical  structure  with  very  small  vapor  locks 
was  observed  (see  Table  1). 

A  comparison  of  the  structure  of  flow  at  various  pressures, 
i.e.,  a  photographic  picture  of  the  "stopped  regime"  for  pressures 
of  3  to  80  atm,  is  given  in  Pig.  4. 

Here,  first  of  all,  we  can  see  two  different  structural 
groups.  The  first  group,  for  pressures  from  3  to  20  atm,  can  be 
characterized  as  the  region  of  "vapor  lock  regimes  with  emulsion." 
This  region  is  distinguished  by  fully  formed  locks  100-200  mm 
long,  occupying  almost  the  entire  cross  section  of  the  pipe  with 
foam  formations  in  the  stern  usually  reaching  dimensions  of 
approximately  one  third  the  length  of  the  lock  itself. 

The  liquid  intervals  between  locks  are  filled  with  vapor 
bubbles  of  various  shapes  and  sizes.  With  an  increase  in  the 
amount  of  vapor  the  size  of  the  liquid  intervals  decreases  and 
vapor  locks  come  closer  together.  Within  the  described  region 
the  vapor  lock  sizes  remain  approximately  constant  with  a  certain 
tendency  toward  reducing  as  pressure  grows.  The  second  region 
(from  30  to  80-90  atm)  can  be  called  the  region  of  "emulsion 
regimes  with  passing  locks."  In  this  region  we  can  observe  a 
sharp  reduction  in  the  size  of  the  vapor  locks,  which  reach 
40  and  even  20  mm  in  length;  vapor  locks  60  mm  long  are  an  ex¬ 
ception.  Behind  the  locks  there  is  virtually  no  foaming;  many 
locks  occupy  less  than  the  cross  section  of  the  pipe,  partially 
preserve  their  axial  position,  and  frequently  are  deflected 
toward  one  of  the  walls.  In  this  region  there  is  also  a  tendency 
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Pig.  4.  Variation  in  structure  with  pressure. 
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toward  a  decrease  in  the  size  of  the  locks  as  pressure  grows;  at 
a  pressure  above  60  atm  the  locks  were  observed  to  degenerate  and 
transform  into  groups  of  bubbles. 

In  the  liquid  intervals  we  can  see  numerous  bubbles  of  very 
different  shapes  and  sizes;  however,  fine  bubbles  up  to  4  mm  in 
diameter  with  the  proper  outlines  of  a  flattened  sphere  pre¬ 
dominate  (Pig.  4). 

Finally,  at  p  *  100  atm  (abs.),  which  was  observed  during  a 
showing  of  films  on  a  screen,  vapor  locks  completely  disappear 
and  only  groups  of  separate  bubbles  remain.  Thus,  it  can  be 
stated  that  at  a  pressure  of  approximately  100  atm  (abs.), 

Wq  «  1  m/s  and  wJJ  »  1  m/s,  a  transition  to  a  purely  emulsion  flow 
regime  occurs,  where  all  the  vapor  is  uniformly  distributed  in 
the  liquid  mass. 

Regimes  at  p  =  30  atm  (abs.),  undoubtedly  of  particular 
interest,  can  be  called  transient.  As  mentioned  above,  regimes 
with  low  reduced  vapor  rate  (wq"  approximately  0.5  m/s)  belong  to 
the  first  region  of  "vapor  lock  regimes  with  emulsion"  (see  Pig. 
2).  Regimes  with  high  reduced  vapor  rate  (w0"  approximately 
1  m/s)  belong  to  the  second  region  "emulsion  regimes  with  passing 
vapor  locks."  The  main  characteristic  of  regimes  with  w^  *  1  m/s 
is  the  earlier  mentioned  extremely  intensive  foaming.  Thus,  we 
can  assume  that  at  30  atm  it  was  possible  to  feel  the  transition 
point  from  structures  of  one  type  to  another;  this  transition 
depends,  in  the  first  place,  on  the  quantity  of  mixture  vapor 
content.  Such  a  conclusion  agrees  well  with  the  observation  of 
Doctor  of  the  Technical  Sciences  S.  I.  Kosterin  [2],  that  with 
an  increase  in  mixture  velocity  the  dispersion  of  the  structure 
also  increases. 

In  addition  to  qualitative  observations  of  the  variation  of 
flow  structure  in  a  pipe,  the  method  of  high-speed  motion  picture 
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photography  enabled  us  to  find  a  way  of  computing  the  true 
velocity  of  vapor  bubbles  and  vapor  locks. 

We  examined  locks  and  bubbles  on  a  section  of  film  corre¬ 
sponding  to  the  stationary  regime  of  motion  picture  photography, 
and  their  velocity  was  calculated  according  to  the  formula: 

a) 

where  wp  is  the  true  component  of  the  velocity  of  a  vapor  lock  or 
a  vapor  bubble  along  the  axis  of  the  pipe,  m/sj  d  is  the 

U  ft 

diameter  of  the  viewing  window,  in  m;  n  is  the  exposure  speed  in 
frames  per  second;  nn  is  the  number  of  frames  during  which  the 
head  of  the  lock  or  vapor  bubble  passed  from  the  lower  to  the 
upper  edge  of  the  viewing  window. 

According  to  the  values  of  wn  obtained  for  a  series  of  vapor 
locks  or  bubbles,  we  took  their  average  arithmetic  value,  which 
was  used  as  the  average  absolute  velocity  of  a  lock  or  bubble  of 
a  given  size. 

The  total  error  in  determining  wn  varied  from  3%  with  a  low 
lock  velocity  and  high  exposure  rate  up  to  15  and  even  20%  with 
a  low  exposure  rate. 

Computations  made  by  the  method  described  above  have  a 
provisional  character;  they  are  necessary  for  developing  a  method 
of  processing  the  photographic  material. 

The  results  of  calculating  wn  for  vapor  locks  according  to 
some  photographs  are  given  in  Table  2,  from  which  it  is  clearly 
established  that  as  yet  there  is  too  little  data  to  establish  any 
regularities . 
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Table  2. 


lUeilKII 

(1) 

AaBjeimc  p, . 
KflCMt 

. lih 

Cxopocth 

UHpKy.mmiH 

jtf/CMC 

(3) 

npristeaeHHa* 
CKOpOCTk 
nap*  «t', 

•  MjCtK 

..  (4) 

CtCOpOCTb 
CMCCH  Wo,, 

,  ‘  (5) 

McTilHHl*  CKO* 

poet*  napoBMX 
npoCox  W n,  i:oa- 
CWHTiHHai  no 

nacHKax  a,, 

tir- 

77 

10,283  ' 

0,56 

1.52 

2,08 

2,13-2,53 

78 

10,371 

1.20 

.  1,63 

2,83 

3.0  —3.3 

79 

27,898 

1,03 

0,59 

1.62 

1,75-1,9 

80 

27,504 

0,98 

0.40 

i 

lt38 

SS 

1 

S 

p 

KEY:  (1)  Film  number;  (2)  Pressure,  p,  kg/cm  ; 

(3)  Circulation  rate  Wq,  m/s;  (4)  Reduced  velocity  of 
vapor  wQ",  m/s;  (5)  Mixture  velocity  wCM,  m/s; 

(6)  True  velocity  of  vapor  locks  wp  computed  from  films 
wr,  m/s. 

The  work  performed  made  it  possible  to  develop  a  method  of 
observing  and  fixing,  with  the  aid  of  a  high-speed  movie  camera, 
the  structure  of  the  flow  of  a  steam-water  mixture  in  a  vertical 
unheated  pipe  at  high  pressures. 

The  complexity  of  the  flow  structure  was  clarified  and  the 
relationship  between  changes  in  the  character  of  the  flow  regime 
and  pressure,  circulation  rate,  and  the  vapor  content  in  the  pipes 
was  illustrated. 

We  could  establish  that  with  values  of  circulation  velocity 
wQ  and  reduced  vapor  velocity  Wq"  near  1  m/s  and  a  pipe  diameter 
of  22.5  mm  there  are  two  equal  regions  of  hydrodynamic  regimes 
as  a  function  of  pressure: 

a)  the  vapor  lock  regime  with  emulsion  was  observed  up  to 
30  atm; 

b)  the  emulsion  regime  with  the  passage  of  fine  vapor  locks 
and  large  bubbles  was  observed  from  30  to  80  atm. 
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The  transition  from  the  first  regime  to  the  second  was  noted 
at  30  atm  during  a  variation  in  w0"  from  0.5  to  1  m/s. 

The  method  of  high-speed  motion  picture  photography  makes  it 
possible  to  calculate  the  true  velocities  of  separate  vapor 
bubbles  and  the  vapor  locks  in  a  liquid  mass  and  is  promising  for 
a  determination  of  instantaneous  values  of  vapor  content  in  the 
studied  section  of  the  pipe. 

The  material  obtained  in  the  motion  picture  photography  of 
the  structure  of  a  two-phase  flow  made  it  possible  to  compile  a 
motion  picture  film  which  gives  the  qualitative  picture  of  the 
effect  of  p,  wQ  and  w0"  on  the  structure  of  flow  in  a  vertical 
unheated  pipe  22.5  mm  in  diameter. 
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A  METHOD  OF  CALCULATING  CRITICAL 
PARAMETERS  DURING  PULSATION 
REGIMES  IN  THE  MOTION  OF  A 
STEAM-WATER  MIXTURE 

V.  S.  Polonskiy  and  ]Ye.  P.  Serov  1 

Abbreviations 

rp  -  boundary 
h  -  nomogram 
p  -  calculated 
a  -  experimental 

As  experimental  data  show,  the  value  of  critical  thermal 
fluxes  depends  upon  the  amplitude,  frequency,  and  type  of  dis¬ 
turbance  applied  to  a  system  of  steam-generating  pipes  [1,  2]. 

The  period  of  self-oscillations  during  intercoil  pulsations 
varies  from  one  or  two  to  several  tens  of  seconds  as  a  function  of 
the  type  of  installation  [33,  and  in  order  is  equal  to  the  passage 
time  of  a  heat  carrier  particle  through  the  entire  channel  [3,  **]. 
The  frequency  of  forced  oscillations,  encountered  during  the 
operation  of  steam  generators,  is  of  the  same  order. 

In  its  turn,  the  process  of  steam  generation  is  also  a 
periodic  process.  As  experimental  data  have  shown,  the  frequency 


of  vaporization  depends  on  the  physical  properties  of  the  heating 
surface,  the  physical  constant  of  liquid,  thermal  flux,  and 

pressure,  and  varies  within  a  wide  range.  In  [53  it  is  shown  that 

the  frequency  of  bubble  breakaway  is  to  »  35-45  Hz;  in  [6]  it  is 

u)  =  30-60  Hz,  in  [7]  w  =  13-17  Hz,  and  in  [8]  w  =  15-21  Hz.  From 

that  examined  in  [93  it  follows  that  a  change  in  the  frequency  of 
vaporization  was  observed  within  w  =  17-55  Hz.  G.  G.  Treshchev 
introduces  the  probable  frequency  of  vapor  bubble  formation  during 
surface  boiling,  which  is  us  »  3.0*10^  Hz  [103. 

Consequently,  the  minimum  frequencies  observed  by  various 
authors  during  boiling  in  a  large  volume  with  moderate  thermal 
loads  are  10-15  Hz,  while  with  surface  boiling  they  are  two  orders 
greater.  It  is  obvious  that  the  vaporization  frequency  during 
the  development  of  boiling  in  a  moving  liquid  will  be  nearer  the 
frequency  during  surface  boiling  than  the  frequency  during  boiling 
in  a  large  volume. 

Mass  exchange  intensity  of  liquid  phase  between  the  flow 
core  and  the  boundary  layer  plays  a  large  role  in  the  onset  of  the 
crisis  phenomenon.  Frequencies  of  mass  exchange  processes  can  be 
evaluated  according  to  the  value  of  the  turbulent  pulsation 
frequency  which  exceeds  100  Hz  [113. 

Thus,  the  frequencies  of  vaporization  processes  and  turbulent 
pulsations  are  at  least  one  or  two  orders  higher  than  the  fre¬ 
quency  of  forced  oscillations  or  disturbing  self-oscillations. 

The  interaction  between  the  examined  periodic  processes 
depends  on  their  frequency  relationship.  If  the  pulsation  fre¬ 
quency  of  the  flow-rate  parameters  is  the  same  order  as  the 
frequency  of  vaporization  and  of  turbulent  pulsations,  there  is 
a  direct  connection  between  these  processes.  On  the  other  hand, 
if  the  frequency  of  these  processes  differs  considerably,  each 
can  be  examined  separately.  In  this  case,  the  oscillations  of 


hydrodynamic  parameters  do  not  affect  the  condition  of  vapor¬ 
ization.  Relationships  obtained  during  a  stationary  regime  remain 
true  in  dynamic  conditions  also.  This  means  that  in  the  first 
approximations  the  boiling  crisis  process  in  steam-generating 
channels  during  pulsation  regimes  can  be  considered  quasistationary. 

If  in  stationary  regimes,  for  example,  the  value  of  boundary 
vapor  content  or  thermal  flux  for  a  channel  of  given  form  is 
expressed  by  relationship: 

Jfrf0— /|^o«  (k~)o*  Po\*  (1) 

Qstit "*/» l*o*  ('wT)o*  Pol*  (la) 

then  during  oscillations  the  increase  in  the  boundary  vapor  content 

AJC,T  *rpo 

or  thermal  flux 

A^rp=*^rp  9rp# 

is 

~  (- &Vm  +  HH4* 

This  relationship  is  more  accurate  the  lower  the  value  of  parameter 
deviation.  Partial  derivatives  characterize  the  degree  of  the 
effect  of  this  parameter  on  the  value  of  boundary  vapor  content. 
Corresponding  values  of  the  argument  increment  differ  both  in 
amplitude  and  in  phase.  The  relative  amplitude  and  phase  depend 
on  oscillation  frequency. 

Thus,  in  finding  the  region  of  unreliable  regimes,  it  is 
necessary  to  determine:  the  amplitude-  and  phase-frequency 
characteristics  of  the  steam-generating  channels,  the  value  of 
the  increment  in  boundary  vapor  content  or  critical  load  as  a 
function  of  the  frequency  and  amplitude  of  the  disturbing  action, 
the  relationship  between  the  increment  of  boundary  vapor  content 


(2) 

(2a) 
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Axrp  (Aqrp)  and  the  real  increment  Ax2  (Aq)  which  occurs  with  a 
given  disturbance. 


In  general  form,  during  the  calculation  of  the  dynamics  in 
channels,  a  one-dimensional  model  is  usually  used,  described  by 
the  following  system  of  equations:  continuity,  energy,  state, 
thermal  balance  or  heat  conductivity  -  with  corresponding  initial 
and  boundary  condition*  Ll2]. 


The  equation  of  heat  carrier  motion  is  usually  replaced  by 
an  algebraic  relationship  between  the  equivalent  resistance  and 
the  flow  rate  and  specific  volume.  This  gives  the  basis  for  the 
model  of  the  boiling  crisis  during  pulsation  regimes  in  the  form 
of  a  structural  diagram  recorded  for  a  linear  object  (see  Figure). 
Here  the  symbol  w^  designates  the  corresponding  transfer  function. 
Let  us  examine  the  purpose  of  each  link  during  one  disturbance, 
for  example,  during  a  disturbance  with  respect  to  the  input 
enthalpy.  A  pulsation  of  input  enthalpy  causes  a  change  in  output 
parameters  D2,  i2,  and  y2  in  terms  of  the  transfer  functions 
WD  i  *  wi  i  *  A  chan6e  *n  D2  an<i  Y2  •*’n  ^erms  °**  transfer  functions 


and  w 


py2 


causes  a  pulsatioi)  of  pressure  in  the  channel. 


A 


pressure  pulsation  in  the  channel  brings  about  a  pulsation  of  the 
medium's  temperature  and  heat  transfer  factor.  Naturally  this 
leads  to  a  pulsation  of  channel  wall  temperature,  which  follows 
the  medium's  temoerature  also  with  a  different  amplitude  and  phase. 
This  causes  the  appearance  of  the  periodic  component  of  thermal 
flux  from  the  inside  of  the  channel  wall  in  terms  of  the  transfer 


function  wqp.  A  change  in  the  periodic  component  of  thermal  flux 
and  pressure  in  terms  of  transfer  functions  wp  q>  wj_  q  and  wp  p> 

w,  ,  respectively, affects  the  output  parameters  of  the  system. 

1 2? 

The  totality  of  output  quantities  AD2,  Ap,  Aq  in  the  equation  (2) 


modeling  unit  determines  the  output  quantity  Axf_p  or  the  equiva¬ 
lent  quantity  Airp.  Comparison  of  the  actual  output  enthalpy 
Ai2  with  Aifp  is  effected  in  the  comparison  unit.  If  Aig  >  Airp, 


the 


the  boiling  crisis  begins  in  the  channel;  if  Ai2  <  Airp, 
temperature  regime  of  the  steam-generating  channel  will  be  normal 
(as  for  the  case  when  thermal  flux  is  the  quantity  to  be  deter-j 
mined). 


mh>,  .  - 

Figure.  Structural  diagram  of  the  model  of  a 
boiling  crisis  in  steam-generating  channels 
during  pulsation  regimes. 

KEY:  (1)  Modeling  unit;  (2)  Comparison  unit. 

Table  1  gives  a  comparison  between  experimental  data  and 
calculation  results  during  a  disturbance  by  the  flow  rate  of  the 
heat  carrier  AD^.  The  static  relationship  xrp  =  x(q,  wy,  p)  is 
taken  from  reference  [13]  in  which  it  is  given  in  the  form  or  a 
nomogram. 

Table  1  uses  the  following  designations: 


i  -  experimentally  determined  boundary 
rf'  heat  content  represented  by  the  authors 
of  [2]; 

i  -  heat  content  determined  according  to 
H  the  nomogram  in  [13],  for  the  average 
values  of  flow-rate  parameters  on  the 
assumption  that  the  process  is  stationary; 
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i  6  -  heat  content  determined  with  the  actual 
values  of  output  parameters; 

0 

Ai  =  i  -  i  s  -  calculated  change  in  heat  content; 
p  hq  h 

Aig  =  iH  -  ipp  -  experimental  change  in  heat  content. 


Table  1. 


p. 

iima 

i 

tt'T.  1 

K!  M‘‘CCK\ 

T. 

ten 

A* 

V'10-6,  1 

VVtf.J  M-'H 

lip. 

KKO.I  K? 

AT* 

KKa.i  k: 

IS. 

KKd  IK.' 

KKa.i  ;k: 

4/,. 

VMM  Kt 

100 

800 

G 

0.23 

1.1 

334 

524 

342 

162 

190 

100 

800 

6 

0,23 

1.0 

366 

550 

400 

140 

174 

100 

800 

0 

0,37 

0,8 

334 

556 

377 

179 

222 

100 

800 

G 

0,37 

0,7 

336 

571 

461 

110 

205 

100 

800 

6 

0.5 

0,7 

334 

571 

380 

191 

237 

100 

800 

6 

0,5 

0,6 

336 

587 

451 

136 

221 

100 

800 

6 

0.5 

0,88 

315 

546 

340 

206 

231 

100 

800 

60 

0,5 

0,59 

366 

5!X) 

487 

103 

224 

100 

800 

0,6 

0,5 

2,38 

372 

454 

239 

215 

32 

100 

m 

0,6 

0,5 

1,32 

404 

492 

+35 

57 

88 

100 

2000 

6 

0,42 

1.35 

379 

454 

434 

20 

75 

100 

2000 

6 

0,42 

1.27 

347 

470 

363 

107 

123 

100 

2000 

6 

0,42 

1.5 

318 

430 

3S9 

46 

117 

70 

600 

6 

0,5 

» 

1.0 

340 

553 

50J 

50 

213 

DESIGNATIONS:  ama  «  atm  (abs.);  **/m2.Cbh  =  kg/m2*s; 

2  2 

csh  =  s;  kkoa/m  *s  a  kcal/m  *h;  KKaa/xt  *  kcal/kg. 


The  increments  of  heat  carrier  flow  rate  and  enthalpy  were 
determined  according  to  transfer  functions  [12].  Thermal  loading 
was  assumed  constant  and  equal  to  the  stationary  values.  The 
increment  of  thermal  flux  was  determined  according  to  [14],  For 
comparison  data  from  [2]  were  used. 

As  is  apparent  from  Table  1,  the  determining  parameters 
varied  over  a  rather  wide  range.  The  agreement  between  calculated 
and  experimental  data  was  fully  satisfactory.  At  low  amplitudes 
for  flow  rate  oscillations  the  agreement  of  data  was  better  than 
at  high  amplitudes. 


For  the  purpose  of  a  more  complete  check  of  the  data,  a 
special  experiment  was  set  up  [15].  Tests  were  conducted  in  the 
following  range  of  factor  variation:  p  =  100-1^0  atm  (abs.)j 
q  =  250-550 *10^  kcal/m^.h;  wy  =  700-1100  kg/m^*s.  Frequency 
variation  limits  were  w  =  0.8-6.28  1/s  and  relative  amplitude  for 
thermal  flux  was  Aq  *  0.25-0.5. 

In  the  tests  examined  the  amplitude  of  pressure  oscillations 
did  not  exceed  5  atm  (abs.).  The  amplitude  of  pressure  oscill¬ 
ations  was  greater  the  lower  the  mass  velocity,  the  higher  the 
average  thermal  flux  level,  and  the  greater  the  oscillation 
period.  In  all  tests,  oscillations  of  the  heat  carrier  flow  rate 
were  insignificant.  A  comparison  between  experimental  and  cal¬ 
culated  data  was  performed  only  with  respect  to  the  value  of 
boundary  enthalpy. 

The  results  of  the  comparison  are  presented  in  Table  2.  As 
is  apparent  from  the  table,  the  agreement  between  experimental  and 
calculated  data  was  better  than  during  flow  rate  disturbance. 

This  is  explained  by  the  fact  that  the  disturbance  along  the  heating 
channel  obviously  is  somewhat  weaker  than  a  disturbance  of  the 
heat  carrier  flow  rate.  Consequently,  the  depth  of  variation  in 
regime  parameters  was  less. 

In  performing  the  calculation  of  dynamic  characteristics,  a 
number  of  simplifying  premises  were  made;  specifically,  the 
feedback  with  respect  to  pressure  and  thermal  flux  was  disrupted. 
Obviously,  a  more  precise  solution  within  the  fx'amework  of 
quaslstationary  concepts  can  be  obtained  with  more  precise, 
computerized  calculations  of  the  dynamic  characteristics  of  a 
steam- generating  channel. 
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Table  2 


p* 

am  a 

V*10-3. 

KKOJ.M'-teit 

t 

i 

i# 

1 

j  * -ttK 

KKOA  KZ 

KKOA,Kt 

100 

700 

250 

0,25  ' 

2,09 

601 

597 

100 

700 

250 

0,25 

3.14 

598 

598 

100 

700 

250 

0,25 

4,65 

595 

598 

100 

700 

250 

0,25 

6,28 

597 

599 

100 

700 

400 

0,25 

2,09 

566 

569 

100 

700 

400 

0,25 

3,14 

562 

560 

100 

700 

400 

0,25 

4,83 

557 

560 

100 

700 

400 

0,25 

6,28 

562 

559 

100 

700 

550 

0,25 

2,09 

546 

545 

100 

700 

550 

0,25 

3.14 

542 

543 

100 

700 

550 

0,25 

5,04 

541 

544 

100 

700 

550 

0,25 

6,28 

543 

544 

140 

700 

550 

0,24 

2,09 

493 

484 

140 

700 

550 

0,24 

4,19  ' 

489 

485 

140 

700 

550 

0,24 

6,28 

487 

485 

140 

1100 

550 

0,28 

2,09 

475 

489 

140 

1100 

550 

0,28 

.  3,14 

472 

489 

140 

1100 

550 

0,28 

•  4,19 

474 

488 

140 

1100 

550 

0,28  • 

6,28 

475 

.  488 

100 

700 

■  400 

0,25 

0,8 

569 

558 

100 

700  * 

400 

0,25 

>.4  . 

568 

558 

100 

1100 

400 

0,25 

2,08 

549 

552 

100 

1100 

400  * 

0,25 

4,18 

543 

551 

100 

1100 

400 

0,25 

6,28 

549 

552 

140 

700 

400 

0,5 

4,18 

486 

484 

140 

700 

400 

0,5 

3,14 

489 

482 

110 

700 

400 

0,5 

2,08 

492 

482 

140 

700 

400 

0,5 

1,4 

495 

478 

140 

700 

400 

0,5 

1,04 

497 

483 
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EVALUATING  CIRCULATION  RELIABILITY 
IN  HIGH-STRESS  SHIPBOARD  BOILERS 

Yu.  V.  Aleksandrovskiy 

Abbreviations 

on  -  descent 
no/i  -  useful 

h  -  nonstationary 
yx  -  impaired 

Shipboard  steam  boilers,  unlike  boilers  in  stationary  power 
plants,  operate  more  frequently  in  unstationary  regimes.  During 
manuevers,  the  load  of  the  boiler  can  change  from  minimum  to  full 
and  vice  versa.  Because  of  this  there  is  considerable  interest 
in  evaluating  boiler  reliability  in  unstationary  regimes  and, 
particularly,  circulation  reliability  in  a  boiler  during  pressure 
change . 

Until  recently  circulation  reliability  during  unstatlonary 
regimes  in  such  boilers  has  been  evaluated  according  to  the  method 
proposed  by  D.  P.  Peterson  [1].  Studies  on  the  circulation  in 
shipboard  high-stress  boilers  which  have  unheated  descending 
pipes  have  shown  that  an  evaluation  of  the  allowable  rate  of 
pressure  drop  in  such  boilers  according  to  Peterson's  formula 
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gives  a  significant  allowance.  The  application  of  the  basic 
assumptions  of  this  method  to  an  evaluation  of  circulation  re¬ 
liability  during  a  pressure  rise  in  a  boiler  has  shown  sufficiently 
good  agreement  between  calculated  and  experimental  data.  The 
studies  have  also  indicated  that  a  rise  in  steam  pressure  in  an 
actual  boiler  does  not  lead  to  a  disruption  of  circulation. 

In  connection  with  the  development  of  the  "Standard  Method  of 
Hydraulic  Calculation  for  Steam  Boilers,"  a  check  of  its 
assumptions  and  recommendations  was  made  with  respect  to  the  cal¬ 
culation  of  natural  circulation  in  high-stress  shipboard  boilers. 

As  a  result,  it  was  established  that  the  basic  assumptions  and 
recommendations  of  the  method  can  be  used  for  calculating  and 
evaluating  the  reliability  of  shipboard  steam  boilers.  The 
specifics  of  such  boilers  come  to  light  only  in  an  evaluation  of 
the  allowable  rate  of  pressure  reduction.. 

As  we  know,  in  the . "Standard  Method"  project  it  was  re¬ 
commended  to  determine  the  allowable  rate  of  vapor  pressure  drop 
in  a  boiler  (when  w  „>  0.8  m/s)  under  the  condition  that 
circulation  reversal  and  stagnation  in  the  less  heated  pipes  of 
the  loop  was  not  allowable.  The  danger  of  stagnation  and  reversal 
occurs  because  of  an  increase  in  resistance  in  the  descending- 
pipes.  In  high-stress  shipboard  boilers  the  least  heated  line  of 
pipes  is  located  in  the  high-temperature  region  of  gas  flow  and 
the  specific  thermal  flux  absorbed  by  it  is  150,000-200,000 
kcal/m  »h  and  more.  At  the  same  time,  the  resistance  of  the 
descending  pipes  is  not  great  since  the  cross  section  of  these 
pipes  is  less  than  703  of  the  cross  section  of  the  ascending  pipes. 
As  a  result,  as  Is  apparent  on  the  figure,  the  least  heated  pipes 
of  the  loop  in  the  stationary  regime  have  a  multiple  reserve 
with  respect  to  such  circulation  reversal  and  stagnation. 

Along  with  this,  in  the  most  neated  lines  of  ascending  pipes 
the  circulation  frequency  even  in  a  stationary  regime  is  near  the 
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maximum  allowable  values.  With  a  drop  in  steam  pressure  in  the 
boiler, circulation  frequency  in  the  ascending  pipe  is  reduced  and 
reaches  values  at  which  heat  transfer  from  the  outer  surface  of 
the  pipe  to  the  working  liquid  can  be  impaired  [2].  The  calcu¬ 
lations  made  indicated  that  in  shipboard  high-stress  boilers  with 
a  pressure  drop  the  circulation  frequency  in  the  most  heated  lines 
reaches  limiting  values  before  circulation  reversal  and  stagnation 
occurs  in  the  least  heated  pipes  of  the  loop.  Because  of  this, 
an  additional  check  on  the  reliability  of  circulation  during  a 
drop  in  steam  pressure  in  the  boiler  is  necessary. 


Figure.  Variation  in  the  frequency  of 
circulation  toward  the  most  heated  pipe 
of  the  loop  Kmin,  stagnation  head  S^, 

and  descent  resistance  APQn  during  a 

drop  in  vapor  pressure  in  a  boiler. 

Calculations  showed  that  the  quantity  of  heat  released  to  the 
most  heated  pipes  of  the  loop  during  a  drop  in  pressure,  going  to 
an  increase  in  vaporization,  is  not  great  in  them  as  compared  with 
the  quantity  of  heat  absorbed  by  the  pipes  from  the  combustion 
products.  This  makes  it  possible,  when  evaluating  the  allowable 
rate  of  pressure  drop  with  respect  to  the  value  of  maximum  cir¬ 
culation  frequency,  to  use  a  diagram  of  the  loop  obtained  during 
calculations  of  the  boiler  on  stationary  regime.  The  hydraulic 
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curve  of  the  most  heated  pipe  of  the  loop,  as  well  as  the  hydraulic 

curve  of  the  descending  system,  calculated  for  various  rates  of 

vapor  pressure  drop  in  the  boiler,  should  be  plotted  on  this 

diagram.  Assuming  that  the  curves  for  the  ascending  part  of  the 

loop  do  not  change  with  a  drop  in  steam  pressure,  we  determine  the 

value  of  net  head  in  the  loop  S  and  the  water  flow  rate  at 

no  ji 

input  to  the  most  heated  ascending  pipe  G  kg/h.  Circulation 
frequency  in  it  is  calculated  as: 


where  D  is  the  quantity  of  steam  generated  in  the  most  heated 
pipe  during  nonstationary  regime,  taking  into  account  the  additional 
vaporization  due  to  the  release  of  accumulated  heat,  kgf/h. 
Circulation  frequencies  are  calculated  at  various  rates  of  pressure 
drop  in  the  boiler.  Calculations  show  that  with  such  an  approx¬ 
imate  calculation  of  circulation  frequency,  error  is  no  more  than 
1.5%  as  compared  with  the  values  obtained  when  calculating  the 
loop  separately  for  each  of  the  pressure  drop  rates. 


The  allowable  rate  of  pressure  drop  in  high-stress  shipboard 
boilers  must  be  checked  further  based  on  the  condition  that  the 
degree  of  steam  dryness  in  the  most  heated  pipe  during  non¬ 
stationary  regime  xh  must  not  reach  the  value  x^x  determined 
according  to  the  data  from  the  "Standard  Method."  Taking  into 
account  the  necessary  reserve,  the  following  condition  must  be 
fulfilled : 


The  fact  that  in  the  most  heated  pipe  of  the  loop  in  high- 
stress  shipboard  boilers,  the  circulation  frequency  is  near  the 
maximum  allowed,  must  be  taken  into  account  when  evaluating  the 
allowable  heating  surface  breakdown.  In  determining  the  per¬ 
missible  quantity  of  jammed  pipes  in  the  bunch  near  the  furnace, 
it  is  necessary  to  calculate  the  circulation  frequency  in  the 
most  heated  pipe. 
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DESCENDING  MOTION  OF  A  STEAM- 
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Abbreviations 


bh  -  internal 

Experience  has  been  obtained  on  an  evaporative  cooling 
installation  of  a  reheating  furnace  in  one  of  the  modern  rolling 
mills,  on  the  basis  of  industrial  studies  and  a  three-year  period 
of  operation,  with  the  performance  of  hearth  pipes  having  a 
descending  motion  for  the  coolant  during  operation  on  evaporative 
cooling  with  natural  circulation  with  a  pressure  range  in  the 
drum  of  9-17  atm  (gauge).  A  simplified  diagram  of  the  in¬ 
stallation  is  presented  In  Fig.  1. 

Heated  lateral  pipes  0  114  *  20  mm  (see  Fig.  1,  8)  along  with 
longitudinal,  which  are  not  shown  on  the  diagram,  form  the 
supporting  grid  on  which  is  placed  the  metal,  heated  top  and 
bottom,  before  rolling.  These  pipes,  which  are  steam-generating 
heating  surfaces,  are  connected  In  parallel  to  a  common 


circulation  system  which  provides  their  cooling.  The  height  of 
the  circulation  loop  is  21,  25  m.  The  circulation  pump,  connected 
in  parallel  to  a  system  of  descending  pipes,  is  used  only  during 
starts  and  stops  of  the  evaporative  cooling  installation. 


Figure  1.  Simplified  diagram 
of  evaporative  cooling  installa¬ 
tion: 

1  -  Drum;  2  -  Circulation  pump 
for  starting  and  stopping; 

3,  ^  -  Descending  pipes;  5  - 
Measuring  diaphragm;  6,  7  - 
Ascending  pipes;  8  -  Heated 
loops  with  descending  motion; 

9  -  Boundary  of  furnace  lining. 


The  use  of  descending  motion  makes,  it  possible  to  cut  in 
half  the  number  of  circulation  loops  of  lateral  pipes  with  vertical 
supports,  which  substantially  reduces  the  metal  content  of  the 
installation  due  to  the  decrease  in  the  amount  of  descending  and 
ascending  pipes,  the  number  of  shut-offs,  and  meters. 


Figure  2  gives  the  design  of  a  heated  loop  with  descending 
(up  to  2.5  m)  motion  for  the  coolant.  There  are  ten  such  loops 
in  the  installation.  Thermal  stresses,  averaged  along  the  heated 

■3 

length  of  the  loop  and  the  perimeter  of  the  pipe,  reach  125  *  10 
2 

kcal/m  .h.  As  is  apparent  from  Fig.  2,  the  heated  part  of  the 
loop  consists  of  horizontal  and  vertical  sections. 

Reliable  cooling  of  the  horizontal  section  is  determined  by 
excluding  lamination  of  the  steam-water  mixture.  Tests  made  at 


3^9 


Giprostal'  [State  Scientific  Research  and  Planning  Institute  of 
the  Metallurgical  Industry]  and  experience  in  the  industrial 
operation  of  horizontal  pipes  at  these  pressures  and  thermal 
stresses  on  the  order  of  (200-240) *10^  kcal/m2*h  show  that  re¬ 
liable  cooling  of  horizontal  pipes  with  internal  diameter  up 
to  75  nun  in  the  zone  of  surface  boiling  can  be  achieved  at  a 
circulation  rate  of  1.2  m/s  [1,  2]. 


2  J 
HMD  I  I 


Fig.  2.  Heated  loop  with  descending  motion: 

1  -  Design  of  support  pipe  with  descending 
motion;  2  -  Longitudinal  support  pipes; 

3  -  Heated  metal;  4  -  Furnace  lining; 

A  -  Upper  (initial)  point  of  the  descending 
section,  in  the  region  of  which  the  thermo¬ 
couples  were  Installed;  B  -  Lower  Jieated 
point  of  descending  section;  C  -  Lower 
geometric  point  of  descending  section; 

D  -  Damaged  region;  E  -  Output  point  of 
heated  loop. 

With  less  thermal  stress  the  minimum  allowable  circulation 
rate  at  which  there  is  no  lamination  in  the  zone  of  surface  boiling 
on  the  horizontal  section  is  accordingly  reduced. 


Reliable  cooling  of  the  vertical  heated  section  with  descend¬ 
ing  motion  of  the  steam-water  mixture  is  determined  by  the  absence 
of  vapor  bubble  stagnation.  Based  on  data  from  [3],  the  circu¬ 
lation  rate,  which  ensures  bubble  drift  is  0.4  m/s;  however,  these 
data  were  obtained  on  an  air-water  model  under  low  pressure  for 
pipes  with  an  internal  diameter  of  less  than  48  mm. 


As  shown  by  special  circulation  tests  on  an  industrial  in¬ 
stallation,  made  on  pipes  with  d  =  74  mm  under  pressure  in  the 
drum  of  p  =  12  atm  (gauge)  with  wall  temperature  measurement  by 
thermocouples  caulked-in  on  the  descending  part  of  loop  A  (Pig. 

(  2,  A),  the  wall  temperature  of  the  pipe  in  the  descending  region 

did  not  increase  in  the  rate  reduction  range  of  1.2-0.55  m/s. 

*  The  results  of  the  tests  made  indicate  that  with  a  circulation 
rate  of  0.55  m/s  (the  flow-rate  vapor  content  per  unit  volume  0 
with  respect  to  the  heated  length  of  the  descending  section  from 
point  A  to  point  B  changes  from  6.72  to  0.8  -  see  table)  vapor 
bubble  drift  is  ensured  during  the  descending  motion  of  the  flow 
and  the  possibility  of  bubble  stagnation  is  fully  excluded.  It 
was  not  possible  to  perform  tests  at  rates  below  0.55  m/s  in 
industrial  conditions. 

With  low  circulation  velocities,  in  order  to  exclude 
corrosion  effects  on  horizontal  sections,  because  of  the  possible 
stratification  of  the  steam-water  mixture,  tests  at  low  rates 
were  brief  -  no  more  than  ten  minutes  in  each  regime.  However, 
this  time  was  completely  sufficient  for  studying  the  steady-state 
regime. 

Thus,  the  tests  allowed  us  to  establish  that  the  minimum 
allowable  circulation  rate  in  a  loop  with  descending  and  horizontal 
motions  for  the  coolant  is  limited  not  by  the  conditions  of  vapor 
bubble  drift  on  the  descending  section  but  by  the  condition  that 
there  be  no  lamination  on  the  horizontal  sections  of  the  loop. 

* 

As  three-year  operational  tests  on  these  loops  have  shown, 

■3  p 

with  thermal  stresses  up  to  125*10  kcal/m  *h,  the  reliable 
„  operation  of  the  horizontal  sections  is  ensured  at  a  circulation 

rate  on  the  order  of  1  m/s  and  above.  Vapor  content  per  unit 
volume  8  with  respect  to  the  heated  length  of  the  descending 
section  changes  when  Wq  *  1  m/s  from  0.475  to  0.64  (see  table). 
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Table.  Characteristics  of  a  loop  with  descending  motion  during  a  total  thermal  load  of 
580,000  kcal/h  {q  =  125*10^  kcal/m2-h*,  p  =  12  atm  (gauge))* 


Regime  Designation 

W 

§> 

■H 

c  c 

1  0  0 

0  *H 

0  4-> 

!  O 

:  ^  a, 

0  w  E 

|  Vapor  0 on tent  per  unit  weight  (x)  and 
per  ur.it  volume  (g)  along  the  length  of 
the  heated  contour  (see  Rig.  2) 

Circula 

rate,  w 

£  u 

■P  0)  * 

»  "  (T 

«j  1  ^ 

Point  A, 
l  =  2.15  m, 
heating 

L_ 

|  Point  B, 
l  =  3.15  m,  | 
heating 

1 

Poin 

l  = 

heat 

_ 1 

it  E, 

13  m 
lng 

K 

0 

X 

0 

MM 

0 

Circulation  rate  in  descending 
section,  sufficient  for  vapor 
bubble  drift 

0.55 

0.67 

0.0188 

0.72 

0.0315 

0.8 

0.155 

O.96 

Circulation  rate  sufficient 
for  reliable  cooling  of  the 
horizontal  section 

1.0 

1.210 

0.0073 

0.4750 

0.0133 

0.64 

0.08 

0.93 

Minimum  circulation  rate  at 
which  boiling  is  absent  in 
the  descending  section 

2.55 

3.15 

0 

0 

0 

0 

0.02 

|  0.725 

•Thermal  stress  is  introduced  for  the  heated  part  of  the  loop  not  covered  by  masonry. 


On  the  row  of  loops  with  descending  motion,  the  furthest 
from  the  burners  and,  therefore,  those  having  the  least  thermal 
loads,  there  was  no  boiling  in  the  descending  sections. 

As  shown  by  experience  with  the  parallel  operation  of  loops 
having  boiling  and  nonboiling  descending  sections,  such  a  com¬ 
bination  does  not  reduce  the  reliability  of  the  installation  on 
the  whole.  The  reduction  in  pressure  in  the  drums  to  9  atm  (gauge) 
was  caused  by  pulsation  of  the  flow  rate  in  the  most  thermally 
loaded  loop  (wQ  =  0.7-1. 3  m/s).  Long  operation  of  the  installation 
revealed  the  reliability  of  pipe  cooling  in  such  a  regime.  A 
reduction  in  pressure  in  the  drum  below  9  atm  (gauge)  expanded 
the  pulsation  range  which  was  bounded  by  the  lower  limit  of  the 
working  pressure  on  the  level  of  9  atm  (gauge). 

Installations  with  descending  coolant  motion  in  the  heated 
pipes  have  several  operational  peculiarities. 
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a)  when  the  installation  is  filled  before  the  thermal  unit 
(furnace)  is  started,  it  is  necessary  to  carefully  remove  the  air 
from  the  descending  heated  sections  by  the  individual  flushing  of 
each  loop  in  turn  with  a  rate  of  no  more  than  1  m/s. 

b)  pressure  reduction  in  the  installation,  when  necessary, 
should  be  accomplished  smoothly,  without  cutting  off  circulation, 
being  directed,  in  each  specific  case,  along  the  circulation 
apparatus . 

Adjustment  and  observational  tests  on  evaporative  cooling 
installations  with  a  descending  motion  of  the  steam-water  mixture 
has  shown  that  a  sharp  pressure  drop  (>0.3  atm  (gauge)/min)  in 
the  system  leads  to  the  formation  of  vapor  locks  with  a  stagnation 
of  circulation  in  separate  loops;  after  pressure  stabilization  the 
stagnation  phenomena  last  longer  in  the  most  thermally  loaded 
loops  than  they  do  in  the  others.  In  the  case  of  such  disturbances, 
it  is  necessary  to  eliminate  vapor  locks  by  an  artificial  brief 
reduction  in  flow  rate  to  the  neighboring  loops  with  the  aid  of 
control  valves. 

Figure  3  shows  the  characteristic  damage  to  heated  pipes, 
which  occurs  on  the  horizontal  sections  when  the  operational 
requirements  are  not  met  and  which  took  place  in  the  initial 
operating  period  of  the  first  installation  with  descending  motion 
installed  in  this  country.  Damage  occurred  in  the  center  part 
of  the  upper  lateral  pipe  of  the  loop  (Fig.  2D). 

As  shown  by  an  analysis  of  the  work  of  loops  according  to 
operational  manuals  and  diagrams,  as  well  as  by  chemical  and 
metalographic  studies  of  damaged  pipe  specimens,  these  damages 
occurred  during  the  formation  of  vapor  locks  and  long  circulation 
stagnation  in  the  most  thermally  loaded  loops  because  of  the 
sharp  pressure  drop  in  the  installation.  With  long  stagnation 
the  metal  is  damaged  under  the  action  of  steam-water  corrosion, 
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Pig.  3-  Damage  to  the  upper  lateral  pipe 
0  114  x  20  mm  as  a  result  of  the  primary 
effect  of  steam-water  and  the  secondary 
effect  of  the  sludge  corrosion.  The 
arrows  indicate  the  direction  of  maximum 
thermal  flux  and  the  spot  of  hole  formation: 
A  -  Character  of  the  damage  to  the  insulated 
pipe  in  the  gap  between  insulation  units; 

B  -  Character  of  the  damage  to  noninsulated 
pipe;  1  -  Insulation;  2  -  Pipe;  3  -  Dense 
deposits  of  corrosion  products;  4  -  Loose 
deposits  of  corrosion  products. 


which  continues  with  the  formation  of  an  oxide  layer,  and  after 
the  restoration  of  circulation,  under  the  action  of  secondary 
sludge  corrosion.  As  is  apparent  from  the  figures,  the  largest 
damage  centers  appear  in  the  direction  of  the  action  of  maximum 
thermal  flux  (on  Fig  3B  from  the  side  of  the  jet,  on  Pig.  3A  in 
the  gap  between  the  two  insulation  units  covering  the  top  and 
the  bottom  of  the  pipe  in  the  initial  period  of  operation;  several 
months  after  start-up  the  insulation  was  removed). 


The  effect  of  metal  damage  from  within  under  the  action  of 
steam-water  and  sludge  corrosion,  in  the  direction  of  maximum 
thermal  flux,  is  of  interest  and,  of  course,  can  be  used  in 
engineering. 


A  standardization  of  the  pressure  drop  regime  eliminates  pipe 
damage  and  provides  for  the  reliable  industrial  operation  of  loops 
with  descending  motion. 

In  this  country,  at  the  present  time,  we  have  in  successful 
operation  seven  evaporative  cooling  installations  for  continuous 
reheating  furnaces,  which  have  heated  support  pipes  with  horizontal 
and  descending  motion  for  the  coolant.  All  seven  installations 
operate  with  natural  circulation. 

Descending  motion  is  particularly  promising  for  the  modern 
wide  furnaces,  as  well  as  for  redesigning  existing  ones. 

Conclusions 

1.  A  test  was  made  on  the  reliable  operation  of  pipe  elements 

with  descending  (to  2.5  m)  motion  for  the  steam-water  mixture 

? 

during  natural  circulation  and  thermal  stresses  up  to  125* 10 J 
kcal/m2.h  with  a  pressure  range  in  the  drum  of  9-17  atm  (gauge). 

2.  It  was  established  that  under  these  conditions  the 
sufficient  speed  of  bubble  drift  on  the  descending  section  of  the 
pipe  d  =74  mm,  with  flow-rate  vapor  content  per  unit  volume  up 
to  0.80,  is  0.55  m/s.  The  minimum  speed  of  bubble  drift  could  not 
be  established  due  to  the  production  limitations  on  an  Industrial 
installation. 

3.  It  was  established  that  the  minimum  allowable  circulation 
rate  in  a  loop  with  descending  and  horizontal  motion  for  the 
steam-water  mixture  is  limited  not  by  the  condition  of  vapor 
bubble  drift  on  the  descending  section  but  by  the  lack  of  mixture 
lamination  on  the  horizontal  sections  of  the  loop.  With  thermal 

o  p 

stress  up  to  125*10')  kcal/m  -h  in  the  studied  pressure  range 
(9-17  atm  (gauge)),  reliable  operation  of  horizontal  sections  is 
ensured  at  a  circulation  rate  of  1  m/s  and  higher. 
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4.  The  use  of  descending  motion  makes  it  possible  to 
substantially  reduce  the  number  of  circulation  loops  which,  in 
turn,  makes  it  possible  to  operate  with  natural  circulation  in  a 
wider  range  of  thermal  loads  on  the  furnace.  This  also  reduces 
the  cost  of  the  installation  because  of  the  reduction  in  the 
amount  of  metal  used. 
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A  STUDY  OF  THE  HYDRAULICS  OF 
STEAM-WATER  FLOW  USING  AN 
EXAMPLE  OF  THE  STEAM-GENERATING 
WELLS  IN  KAMCHATKA 


0.  S.  Naymanov 
Abbreviations 


cm  -  mixture 
Tp  -  friction 
y  -  mouth 
3kc  -  experimental 

At  the  present  time,  in  the  USSR  (Pauzhetska  GEOTES1, 
Kamchatka  oblast)  the  practical  use  of  the. Earth's  heav  for  de¬ 
veloping  electric  power  has  begun.  The  working  medium  in  these 
power  plants  is  steam  generated  from  wells  drilled  to  the 
necessary  depth. 

The  construction,  hydrodynamic  tests,  and  regime  character¬ 
istics  of  the  wello.are  examined  in  detail  in  [1].  Here  we  shall 
pause  on  an  explanation  of  the  calculation  functions  which  can  be 


^Translator’s  Note:  The  expansion  of  this  abbreviation 
could  not  be  found;  however,  the  first  three  letters  could  stand 
for  the  work  "geological”  and  the  last  three  for  "thermoelectric 
power  plant."] 
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recommended  for  describing  the  motion  of  the  steam-water  mixture 
in  the  wells  without  which  it  is  impossible' to  analyze  theoretically 
the  hydrodynamics  of  the  wells  on  the  whole,  its  characteristics, 
and  optimum  structural  dimensions. 

Up  to  the  present  time,  in  calculating  two-phase  flows 
(in  any  case,  for  values  of  true  vapor  content  per  unit  volume 
$  -  0.5-0.98)  the  only  method  is  the  semiempirical  method  using 
the  true  vapor  content  per  unit  volume  found  experimentally. 

However,  the  numerical  relationship  for  quantity  <J>  of  various 
authors  under  various  initial  conditions  are  different,  which 
gives  us  no  a  priori  basis  for  using  them  in  describing  the 
processes  involved  in  the  discharge  of  the  mixture  from  wells. 

The  process  In  a  well  is  characterized  by  the  following  basic 
pecu"1  iarities. 

1.  '''he  values  for  pressure,  vapor  content  per  unit  weight  x, 
and  other  parameters  of  the  steam-water  flow  on  the  path  from  the 
beginning  of  vaporization  to  the  mouth  of  the  well  vary  sub¬ 
stantia]  ly.  Thus,  for  example,  x  varies  from  0  to  0.1-0.15, 

(5  from  0  to  0.98-0.99,  etc. 

2.  Since  in  this  article  we  shall  examine  wells  with  constant 
flow  rates  and  constant  pressures  at  the  mouth  and  in  the  be¬ 
ginning  of  vaporization  (pulsing  wells  have  not  been  considered), 
the  flow  in  separate  cross  sections  can  be  considered  stationary. 

3.  The  steam-water  flow  passes  along  a  considerable  path, 
counted  in  tens  and  hundreds  of  meters;  the  diameters  of  the  wells 
are  extremely  large  (100-200  mm);  the  pressure  zone  *s  1-10  atm 
(abs.).  The  flow  is  vertical;  heat  losses  tc  the  surrounding 
lock  are  insignificant  and  allow  us  to  consider  it  isentropic. 

We  shall  write,  in  general  form,  on  the  basis  of  the  Euler 
differential  equation  of  motion,  an  expression  for  the  elementary 
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steam-generating  section  of  the  well: 


dl=* 


dp 


g 


dPrp  ’ 
*•«■!*  dl 


(1) 


2 

where  p  is  the  pressure  kg./m  ;  G  is  mass  velocity  of  the  mixture, 

2  3 

kg/m  *s;  ycm  is  the  specific  volume  of  the  mixture,  kg/m  . 
Subsequently  we  shall  limit  ourselves  to  a  study  of  the  zone 
p  <  2.5  atm  (ab's.)  and  <|>  >  0.95;  the  component  of  vapor  p  iase  in 
the  familiar  expression  for  the  specific  volume  of  the  mixture  is 
insignificantly  small,  which  makes  it  possible  to  write  the 
simple  relationship 

(2) 


The  drop  in  pressure  going  into  the  acceleration  of  the  flow 
element  (represented  in  formula  (1)  by  the  second  term  in  the 
numerator),  for  the  indicated  pressure  zone  and  when  G  <  500 
kg/m“*s,  as  calculations  have  shown,  does  not  exceed  1-5*  of  the 
pressure  drop  in  the  well  and,  therefore,  in  the  subsequent 
analysis  can  be  disregarded. 

We  should  discuss  in  somewhat  greater  detail  the  value  of 
the  resistance  by  friction  occurring  as  the  mixture  rises  in  the 
well.  In  general  form,  we  can  write 

fat  _  ij 

~lT~~2gD~' 

where  XQ  is  the  coefficient  of  hydraulic  resistance,  assuming  a 
flow  of  liquid  phase  only;  k  Is  the  additional  factor,  taking 
into  account  the  presence  of  steam-water  flow.  Several  formulas 
for  determining  this  coefficient  have  been  proposed  [2],  [3],  [10]. 

In  Table  1  we  give  these  formulas.  Since  in  the  pressure 
zone  less  than  10-15  atm  (abs.),  which  is  characteristic  for  all 
wells,  with.ut  exception,  the  ratio  of  specific  weight  <<  1, 
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the  original  expressions  could  be  somewhat  simplified;  chese 
simplified  formulas  are  also  presented  in  Table  1.  In  this  same 
table  are  given  the  numerical  values  for  k  along  one  of  the  wells 
at  three  points:  at  a  depth  corresponding  to  the  beginning  of 
vaporization,  at  an  intermediate  point,  and  at  the  mouth  of  the 
well . 


Table  1. 


It  1 » >1  a  a  npejnocbi.iKa  j.-.o 
coc-au.U'iiim  tfiopMy.au 

(2) 

nparuii^eiiHad 

({lupMyaa 

MKCai-.i'iue  3i^«lemia  i.ostJiifiH- 
n.'.tn.t ;  job  jaa.-icmiii  p,  amo 

6,5 

3.5 

1.5 

(*+<  KB33HroMoreii’ibii5  noTOK  |2] 

-•k 

2.8 

28 

137 

3Kcnepit>ieHTa.ihHan  tJ>op\tyoa,  no- 
(5)  .•'leiiita*  Ha  ocwoiie  ucnuTaHitH  uep- 
wiKa.M.noio  .iBy.’t$a..iic..o  noiox*  (10] 

O-?)1'53 

1.8 

16 

108 

nptoOp.nPBamia*  iJiop\iy.na  .lapcH 
(g)  c  iicn<>.ib30HaiiiifM  BupaviteHiu  a.w 
cpwiiero  .niHaMHHecKoro  Hanopa  (3) 

1 

1  -? 

1.5 

% 

6,6 

25 

KEY:  (1)  Prerequisite  for  composing  formula;  (2) 

Approximate  formula;  (3)  Numerical  values  of  coefficient 
k  for  pressures  p,  atm  (abs.);  (^)  Quasi homogeneous 
flow  [2];  (5)  Experimental  formula  obtained  on  the  basis 
of  tests  on  vertical  two-phase  flow  [10];  ((>)  Transformed 
Darcy  formula  using  an  expression  for  the  average 
dynamic  head  [3], 

In  the  high  pressure  zone-  where  coefficient  ip  -  *cm/*q  in 
formula  (3),  taking  into  account  the  difference  between  the 
calculated  values  of  Aprp  and  experimental,  is  virtually  equal  to 
one,  formula  (1)  has  become  widely  used.  However,  there  are  data 
[4 ]  which  indicate  that  in  the  zone  3  >  0. 7-0.8  the  value  of  i 
drops.  It  is  precisely  this  zone  which  is  characteristic  for 
discharge  from  a  well .  » 

The  preliminary  calculations  we  performed  (a  detailed  study 
of  losses  from  friction  during  the  motion  of  flow  in  wells  is  not  » 
the  subject  of  this  article)  showed  that  at  pressures  below  2 
atm  (abs.)  the  values  of  coefficient  during  calculation  according 
to  [2]  approach  values  of  0.1  and  less;  consequently,  formula  (3) 
is  more  convenient  for  calculation. 
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The  formula  proposed  by  S.  G.  Teletov,  in  our  opinion,  is 
more  logical  in  its  physical  premises  and  in  addition,  in  the 
zone  of  pressures  in  wells  this  formula  has  an  extremely  simple 
form.  All  subsequent  calculations  were  made  using  this  formula. 

It  should  be  mentioned  that  since  an  analysis  of  the  actual 
values  of  $  along  the  wells  is  the  main  path,  at  a  given  stage  of 
all  the  experiments  on  the  wells  only  those  were  chosen  for  which 
the  effect  of  friction  on  the  depth  of  vaporization  was  limited 
to  several  per  cents  (p  >  2.5  atm  (abs.)).  The  use  of  any  of  the 
reduced  formulas  for  coefficient  k  would  have  an  insignificant 
effect  on  the  final  results. 


With  these  remarks  taken  into  account,  expression  (1)  is 
reduced  to  a  function  of  p  and  $  only: 


dl= 


(4) 


The  parameter 


for  a  certain  well  on  a  given  regime  can  be  considered  a  known 
quantity.  Assuming  the  relationship  <t>  -  f(p)  under  assigned  values 
for  pressure,  flow  rate,  and  well  geometry,  expression  (4)  can  be 
integrated  and  the  calculated  value  of  vaporization  depth  can  be 
obtained  for  the  corresponding  initial  conditions  of  mixture 
discharge.  Unfortunately,  there  is  a  large  number  of  different 
recommendations  with  respect  to  finding  the  quantity  <(>.  An 
illustration  of  this  is  Fig.  1,  on  which  in  function  8  the  values 
of  C  *  4-/8  are  presented  according  to  the  data  of  various  authors. 
Therefore,  we  should  solve  the  reverse  problem,  using  the  ex¬ 
perimental  values  of  vaporization  depth  for  determining  <f>.  All 
the  available  empirical  relationships  for  finding  true  vapor 
content  per  unit  volume  during  the  motion  of  a  two-phase  medium 
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in  vertical  pipes  with  moderate  pressures  can  be  divided  into 
two  groups. 


c 


,  0,6  Q6S  0,S  Q$S  £  1,0 

Pig,  1.  Function  C  =  f(8)  according  to  the  data 
of  various  authors  (p  =  3  atm  (abs.);  G  =  10  kg/s; 

D  =  132  mm). 

First  group.  Coefficient  C  is  assumed  independent  of  p,  8, 
Fr  _  (Fr  is  the  Froude  criterion  for  the  mixture)  or  G.  In  [53 
and  [6]  tf>  is  implicit  in  the  equation  connecting  the  true 
velocity  of  vapor  phase  w"  with  the  calculated  velocity  of  the 


mixture  w 


(5) 


V 


V 
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«<"  =  a  -(-  bit'*u. 


G.  Ye.  Kholodovskiy  recommends  that  we  assume  a  =  0,  b  =  1.26, 
n  =  0.981  for  the  reduced  velocity  of  vapor  phase  w0"  >  3  m/s  and 
for  wQ"  <  3  m/s  (the  "shell"  regime  of  mixture  flow)  b  =  1.46, 
n  =  0.84. 


Based  on  the  data  in  [6],  where  the  effect  of  diameter 
variation  was  specially  studied,  an  additional  term  which  takes 
into  account  pipe  diameter  is  introduced  into  coefficient  a. 

The  coefficients  we  obtained  according  to  the  graph  presented  by 
the  authors  were  equal  to 


a 


0,8-f- 


rt  —  0,92 


for  mixture  velocities1  above  3  m/s;  for  lower  velocities  a  is 
equal  to  as  much  as  in  the  preceding  case,  b  *  2.4,  n  =  0.72. 


Cravarollo  [7]  gives  a  direct  expression  for  quantity  4>, 
obtained  purely  by  the  empirical  method: 


1  -7 


(1-?) 


•,  _ 0.8  1 

"(1  J 


where  y  is  the  coefficient  of  surface  tension.  The  experimental 
data  from  ENIN  [Power  Engineering  Institute  im.  G.  M. 
Krzhizhanovskiy ]  [8]  for  pressures  of  40,  70,  and  120  atm  (abs.), 
representing  <f>  =  f  (8,  p,  Fr  ),  were  replotted  by  us  and  ex- 

w  n 

trapolated  to  a  pressure  of  1  atm  (abs.).  With  extrapolation 
accuracy,  the  results  of  calculations  using  these  data  agreed 
with  the  data  in  C 7 ] • 


lWhen  B  >  0.8  the  velocity  of  the  mixture  wc(vJ  differs  in¬ 
significantly  from  reduced  steam  velocity  w0". 


363 


V.  A.  Lokshin  and  A.  L.  Shvartz  [9],  after  processing  the 
available  experimental  data  on  useful  moving  heads  in  the  pressure 
range  11-220  atm  (abs.),  introduce  a  diagram  for  finding  the 
quantity  C.  In  the  region  of  developed  motion  and  8  >  0.91 
coefficient  C  becomes  a  function  of  8  only  and  in  the  zone 
6  <  0.91  and  w  <3  m/s  a  function  of  mixture  velocity  (and, 
consequently,  of  G).  In  the  pressure  zone  near  atmospheric  the 
following  coefficients  are  assumed  in  formula  (5):  a  -  0.75;  b  =  1; 
n  =  1. 

Second  group.  It  is  assumed  that  <f>  is  a  function  of  3  and  p 
only.  According  to  A.  A.  Armand  [10],  in  zone  8  <  0.9  C  =  0.833; 
with  an  increase  in  8  to  1,  C  =  f(p,  8)  +  1. 

According  to  the  results  of  tests  at  Cambridge  University 
[10],  it  is  proposed,  in  pressure  zone  1-210  atm  (abs.)  and 
x  =  0.03-1,  to  calculate 

_ £t _ _ 

where  y  -  the  "slip  factor"  -  is  assumed  constant  at  a  given 
pressure.  Since  the  vapor  content  per  unit  weight  is  a  function 
of  pressure  and  vapor  content  per  unit  volume  8  only,  the  formula 
’introduced  is  easily  reduced  to  the  function  <{>  =  f(0,  p). 

The  experimental  material  available  to  us  on  ten  wells  of 
two  thermal  areas  (Pauzhetska  and  Bol1 she-Banna) ,  including  29 
working  regimes  on  the  whole,  made  it  possible  to  evaluate  each 
of  the  included  calculation  functions  for  determining  the  quantity 
<t>  for  vertical  two-phase  flows  with  respect  to  actual  wells. 

4 

The  evaluation  was  carried  out  as  follows.  Function  p  = 

=  f(l  -  <|>)  was  represented  by  a  polynomial  of  the  fourth  power  whose 
coefficients  were  found  according  to  each  of  the  examined  functions  ® 
for  a  network  of  varying  parameter  values  (beginning  transformation 
pressure  pQ,  mass  velocity  G,  well  diameter  D,  pressure  at  mouth 
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Having  relationship  p  =  fCl  -  <f>)  and  assuming  a  constnat  value 
for  the  average  specific  volume  of  liquid  phase  on  the  vaporization 
section,  expression  (4)  was  integrated,  after  which  it  was  possible 
to  obtain  the  calculated  value  l  -  f(G,  pQ,  py)  for  each  of  the 
methods. 

Extensive  calculation  was  involved;  therefore,  the  basic 
computations  were  performed  on  an  electronic  computer.  The  per 
cent  of  disagreement  between  experimental  and  calculated  values 
for  vaporization  depths  are  presented  in  Fig.  2. 
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Fig.  2.  Per  cent  of 
error  in  the  calculated 
value  o^  vaporization 
depth  as  compared  with 
the  experiment  as  a 
function  of  vaporization 
depth  according  to  the 
data  of  various  authors 

where  lgHC  is 

experimental  vaporization 
depth) . 
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Table  2  presents  the  basic  data  on  the  tested  wells  and  also 
the  value  of  l wi:ich  indicates  the  conditional  faction  of 
decrease  in  vaporization  depth  at  a  given  pressure  drop  and  mass 
velocity  caused  by  energy  loss  from  friction. 


Table  2. 


(1) 

Ho»iep 

CKU3/Klil!bl 
h  pewiiMa 

(2) 

ifriuemie  1 
noKK.i  b  wa- 
«ia.ne  napo* 
oCpa/OBaniiH, 
Po*  ama 

(3) 

HeCiiT 

CKBiV/KIIHU 

G,  KijceK 

(4)  | 

.lainemie 
«a  yme 
Py  ama  \ 

(5) 

P.icxo.tHoe 
o6i>eMHoe 
nap  icoj(-p- 
wawie  na 
ycTbe,  £ 

3KCl(l{lllMeH- 
taabHaa  ray* 
6iwa  ttaia.ia 
napooOpaao- 

B3HHH  l 

Lkc.  Uf 

ILp.jr 

(7) 

) 

K-2 

9 ,4 

1.7 

4.4 

0,963 

140 

2 

* 

1 

5,25 

110 

0 

ill 

2 

*  a  1 
g  s  1 

K-7 

9,8 

2,3 

4,2 

0,966 

180 

4 

§3 

1 

6,35 

0,915 

80 

0 

«  5 

2 

1 

i 

3  ~ 

S  rs 

H  O 

K-8 

9.4 

3.2 

4,4 

-  0,956 

170 

2 

so 

1 

5,15 

105 

0 

%  ° 

2 

. 

• 

6,2 

75  j 

0 

o 

S  tj 

3 

/ 

r3  = 

<  d 

K-12 

6,6 

1.2 

5 

0,891 

40 

i 

0 

K-14 

6,6 

3 

2,5 

0,978  • 

127  | 

13 

(8) 

K-4 

8 

14 

5.4 

0,932 

88 

16 

I 

63 

12 

* 

2 

3  3 

=  0 
s* 

K-10 

10 

8,8 

5 

0,952 

140 

’  15 

*  a 
n  n 

1 

5,5 

120 

12 

5  3 

2 

6,3 

100 

7 

o  ° 

3 

i 

=  2 

P  n 

K-ll 

6.1 

8,3  ! 

f 

3,2 

0,966 

90 

l 

13 

I 

— •  o 

3° 

K-15 

7.5 

12,8 

4 

0,953 

90 

23 

or* 
x  . 

■  1 

1 

5,6 

50 

5 

O  cJ 

2 

20. 

c 

K-29 

8 

14 

5 

0,968 

89 

!  ic 

1  1 

8 

5,4 

0.916 

63 

12 

2 

KEY:  (1)  Well  and  regime  number;  (2)  Pressure  of  flow 

at  beginning  of  vaporization,  pQ,  atm  (abs.l;  (3)  Plow 

rate  of  well  G,  kg/s;  (4)  Pressure  at  mouth  p  ,  atm 

*  y  * 

(abs.);  (5)  Flow-rate  vapor  content  per  unit  volume  at 
mouth,  8;  (6)  Experimental  depth  at  which  vaporization 
begins  ^3HC,  m;  (7)  Low-flow-rate  wells  (designated 

by  *  on  Pig.  2);  (8)  High-flow-rate  wells  (designated 
by  •  on  Fig.  2). 
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As  we  can  see,  a  comparison  of  the  quantities  and  l 
illustrates  the  earlier  statement  that  the  method  of  calculating 
losses  from  friction  can  not  substantially  affect  the  degree  of 
agreement  between  calculated  and  experimental  values  of  vaporization 
depth.  Of  all  the  analyzed  functions  for  the  quantity  <j>,  the  most 
satisfactory  function,  which  enabled  us  to  describe  all  well 
regimes,  without  exception,  with  an  accuracy  of  the  experiment 
itself,  was  the  crlterial  equation  of  G.  Ye.  Kholodovskiy  (see 
Fig.  2). 

The  results,  processed  according  to  [6],  disagree  considerably 
with  the  experiment,  which  is  explained,  in  our  opinion,  by 
additionally  taking  into  account  the  diameter  effect.  The 
correction  for  diameter,  offerred  by  the  authors  during  a  tran¬ 
sition  from  D  =  25  mm  to  D  =  150-200  mm  noticeably  reduces  the 
value  of  <J>;  moreover,  if  it  were  not  taken  into  account,  the 
results  of  the  calculations  according  to  [6]  would  agree  with  [5]. 
The  authors  themselves  point  to  the  disagreement  between  their 
results  and  the  data  of  several  other  researchers,  who  obtained 
a  more  moderate  effect  of  the  diameter  on  <|>.  The  absence  of  a 
noticeable  diameter  effect  up  to  the  value  76-100  mm  is  obtained 
in  [5]  with  a  constant  mass  velocity  and  in  [8]  with  a  constant 
FrcM.  The  experimental  data  on  wells  Indicates  that  this 
assumption  can  be  extended  to  diameters  of  150-200  mm.  Tests  of 
wells  did  no.t  indicate  a  substantial  independence  effect  of 
diameter. 

The  effect  of  the  Froude  number  of  the  mixture  on  <|>  has  been 
established  by  many  studies  [2],  [8].  However,  [5],  [6],  [7], 
and  a  number  of  other  authors  present  the  flow-rate  velocity  as 
a  parameter  substantially  affecting  ij>.  These  parameters  differ 
in  quantity  D  (0.8).  Since,  in  absolute  value,  the  diameter 
enters  into  the  value  of  Fr  „  to  the  fifth  power  and  the  value  of 
4>  is  proportional  to  the  Froude  number  itself  to  a  power  con¬ 
siderably  less  than  one,  it  is  obvious  that,  taking  FrcM  or  G  as 
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parameters,  we  (with  different  D)  will  not  obtain  a  noticeable 
difference  in  the  final  results.  This  situation  indirectly  con¬ 
firmed  the  agreement  of  calculated  values  according  to  [8]  and 
[7]  where  <J>  is  presented  as  a  function  of  G/D. 

The  substantial  inconvenience  of  using  the  Froude  number  of 
the  mixture  as  a  parameter  in  the  practical  calculation  of  wells 
lies  in  the  fact  that  by  definition  it  depends  on  the  volume  of 
the  mixture  and  this  means  also  on  8.  It  is,  therefore,  more 
convenient  to  represent  the  true  coefficient  of  vapor  content  per 
unit  volume  as  a  function  of  the  separately  calculated  quantities 
8  and  G.  In  this  sense,  the  expression  for  <f>  according  to  [5] 
has  an  additional,  purely  applied  advantage  in  calculating  wells. 

The  use  of  the  method  in  [7]  led  to  noticeable  errors  which, 
obviously,  are  explained  by  the  inadmissibility  of  extrapolating 
the  obtained  empirical  relationships  to  the  region  of  specific 

o  p 

weights  less  than  40  kg/m  and  G  <  300  kg/m  *s.  (The  possible 
reduction  in  accuracy  was  noted  by  the  authors).  The  function 
for  <p  in  [11]  has  a  simple  form;  there  is  a  good  agreement  with 
Armand's  tests  with  respect  to  the  values  of  C  in  the  zone 
8  >  0.9  and  with  respect  to  the  numerical  values  of  losses  from 
friction,  A  comparison  with  the  data  of  well  tests  indicates 
a  satisfactory  agreement  of  quantities  l  for  high-flow-rate  wells 
(better  than  according  to  [10],  possibly  because  of  the  reduction 
of  C  in  the  zone  of  low  0  and  the  considerable  (up  to  40JS) 
disagreement  in  the  quantities  for  low-flow-rate  wells. 

Calculation  according  to  Armand's  data  [10]  gave  relatively 
good  agreement  for  high-flow-rate  wells,  but  for  low-flow-rate 
wells  the  per  cent  of  error  exceeded  50&. 

According  to  Lokshin's  method  when  8  >  0.91  the  exponent 
in  expression  (5)  is  equal  to  one,  which  causes  the  invariance 
of  C  with  respect  to  G.  The  possibility  of  reducing  C  with  a 
decrease  in  the  mixture  velocity  below  3  m/s  was  discussed  by 
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the  authors  for  the  zone  0  <  0.91  only.  Since  on  a  larger  section 
of  the  thermal  mixture  motion  0  >  0.85,  the  calculated  values  for 
vaporization  depth  according  to  [93  were  independent  of  mass 
velocity  and  agreed  with  the  data  in  [10]. 

Examining  the  entire  comparison  of  calculated  and  experimental 
data  with  respect  to  the  motion  of  the  steam-water  mixture  in 
wells,  it  is  easy  to  see  the  effect  of  the  character  of  the 
mixture  motion  on  the  selection  of  the  second  parameter  (in 
addition  to  0)  in  determining  <j>. 

In  the  case  of  the  annular  regime  (w  >  3  m/s)  the  coefficient 

CM 

C  depends  only  slightly  on  mass  velocity.  Its  numerical  values, 
as  calculations  for  zone  p  and  G  show,  according  to  [53  are  near 
those  in  [9],  [10],  [11].  This  explains  the  small  error  for  high- 
flow-rate  wells  (which  have  w  „  >  3  m/s)  for  all  calculation 
methods.  For  the  "shell”  regime  of  mixture  flow  (w  „  <  3  m/s), 
the  effect  of  mass  velocity  becomes  substantial,  which  affects 
the  decrease  in  the  exponent  with  n  in  [53  and  [6],  In  this  case, 
calculations  according  to  [10]  or  [11]  give  a  higher  per  cent  of 
error  and  for  low  mixture  velocities  are  not  suitable.  Calculation 
according  to  [5]  gives  satisfactory  agreement  with  experiment  in 
the  entire  zone  of  real  variations  in  initial  data.  Calculation 
according  to  [6]  leads  to  understated  values  of  l  due  to  the 
additional  reduction  in  <f>  with  a  decrease  in  diameter.  Calcu¬ 
lation  according  to  [73  and  [8]  is  characterized  by  a  rise  in  the 
per  cent  of  error,  which  indicates  nonuniformity  of  extrapolation 
of  results  obtained  with  large  G  and  y"  on  the  condition  of 
mixture  discharge  from  wells. 

Concj  usions 

1.  A  method  is  given  for  calculating  vaporization  depth  in 
steam-generating  wells  at  p^  <  2.5  atm  (abs.). 
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2.  In  order  to  determine  the  true  vapor  content  per  unit 
volume,  the  equation  of  G.  Ye.  Kholodovskiy  is  recommended  and 
gives  a  satisfactory  agreement  v/ith  the  results  of  tests  on  all 
wells. 


3.  No  effect  of  increasing  diameter  up  to  200  mm  on  the 
quantity  $  was  detected. 
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BASIC  CHARACTERISTICS  OF  TWO- 
PHASE  UNBALANCED  STATIONARY 
FLOWS 


Ye.  I  Nevstruyeva 
Designations 


Z  -  axial  coordinate,  channel  length; 

H  -  heated  perimeter; 

P  -  area  of  heated  surface; 
f  -  area  of  cross  section; 

G  -  flow  rate; 

V  -  flow  rate  per  unit  volume; 
wg  -  mass  velocity; 
w  -  velocity; 
q  -  thermal  load; 
p  -  density; 
i  -  enthalpy; 

■*  r  -  heat  of  vaporization; 

x  -  relative  enthalpy  of  flow,  flow- 
rate  vapor  content  of  balanced  flow 

,  <P  -  true  vapor  content  per  unit  volume; 

S  -  concentration  of  solutions; 

K  -  multiplicity  of  circulation; 

n  -  steaming  coefficient; 

m  -  recirculation  coefficient; 
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F  -  intensity  of  change  in  vapor  content, 
vaporization,  or  condensation. 


Subscripts  and  Superscripts 


t 

it 

non 

nofl 

n 

H 

n.  c 
n 

M 

□  ,  ax 

H.  3 

s 

A 


Hac 


water; 

steam; 

evaporation; 

preheating; 

vaporization; 

condensation; 

boundary  layer; 

flow  core; 

liquid  phase; 

condition  at  input; 

beginning  of  intensive  boiling 

parameter  on  saturation  line; 

actual  value,  distinct  from  balanced 
value; 

beginning  of  unlimited  growth  of  salt 
deposits; 

condition  of  solution  saturation. 
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To  calculate  the  characteristics  of  two-phase  balanced  flows 
it  is  necessary  and  sufficient  to  know  the  pressure  gradients  and 
the  distribution  along  the  channel  of  temperatures  of  the  heat¬ 
releasing  surface  and  true  vapor  contents  per  unit  volume.  The 
knowledge  of  the  basic  flow  parameters  and  the  distribution  of 
thermal  load,  surface  temperatures,  true  vapor  contents  per  unit 
volume,  and  pressures  make  it  possible  to  determine  with  respect 
to  the  thermal  balance  the  flow-rate  vapor  content  per  unit  weight, 
as  well  as  to  calculate  the  reactivity  of  the  reactor  and  the 
complete  hydraulic  design,  i.e.,  to  determine  the  specific  weight 
of  the  steam-water  mixture,  the  components  of  losses  of  head  from 
friction  and  acceleration,  and  to  calculate  the  more  general 
hydraulic  resistance  or  moving  head  of  natural  circulation. 
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In  real  steam-generating  installations,  water  or  other  liquid 
which  is  considerably  underheated  below  saturation  temperature  is 
fed  to  channel  input  so  that  two-phase  flows,  in  most  cases,  are 
thermodynamically  unbalanced  [1,  2].  To  calculate  the  basic 
characteristics  of  such  flows,  it  is  not  sufficient  to  know  the 
basic  parameters  of  the  flow  at  input  to  the  channel  and  the 
distribution  along  the  channel  of  thermal  load,  true  vapor  content 
per  unit  volume,  temperature  of  heat-releasing  surface,  and 
pressure.  In  order  to  illustrate  what  additional  data  are 
necessary  for  calculating  the  basic  characteristics  of  two-phase 
unbalanced  stationary  flows,  we  shall  examine  the  processes  which 
occur  during  the  boiling  of  underheated  liquid. 


The  amount  of  steam  forming  in  a  unit  of  time  on  a  unit  of 
surface  is 


■  AGn#  tfne» 

~IF — "7"* 


(1) 


The  multiplicity  of  the  circulation  of  liquid  between  the 
flow  core  and  the  boundary  layer,  which  is  equal  to  the  ratio  of 
the  mass  of  liquid  flowing  toward  the  steam-forming  surface  from 
the  flow  core  to  the  mass  of  the  steam  being  formed,  is 


AG' 

w 


(2) 


and  the  degree  of  liquid  steaming  in  the  boundary  boiling  layer, 
which  is  equal  to  the  ratio  of  the  mass  of  liquid  flowing  toward 
the  steam-forming  surface  from  the  flow  core  to  the  mass  of  liquid 

expelled  and  entrained  by  the  steam  from  the  boundary  layer  to 

* 

the  flow  core,  can  be  expressed  in  the  form 

_  _  AG'  .  K 

n  ~  ST-'MIu'  ~~ K-T •  ( 3 ) 

The  multiplicity  of  the  circulation  of  liquid  between  the 
boundary  layer  and  the  flow  core,  in  addition,  can  be  expressed 
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in  terms  of  the  recirculation  coefficient  which  is  the  ratio  of 
the  volume  of  liquid  flowing  toward  the  surface  from  the  boundary 
layer  to  the  total  volume  of  liquid  flowing  toward  the  surfaces, 
equal  to  the  sum  of  the  volumes  of  the  forming  steam  and  the 
liquid  expelled  and  entrained  by  the  steam,  i.e.,  if  the  volume 
of  the  forming  steam  is 


M"  lCn'  <?hc, 

if  ~~  If?  />*  * 


(H) 


and  the  volume  of  the  liquid  expelled  and  entrained  by  the  steam 
is 


iv. 

SF “  "  "  3>y 


(5) 


then,  substituting  the  mass  of  the  flowing  liquid  from  equation 
(2),  we  obtain 


£15 _ (AT  -  DAfV 

SF  IF?  * 


(5a) 


Then  the  total  volume  of  liquid  flowing  from  the  flow  core  can  be 
expressed  in  terms  of  the  recirculation  coefficient  in  the 
following  manner: 


(6) 


Substituting  (4)  and  (5)  into  (6)  and  limiting  ourselves  to  the 
quantity  of  the  volume  of  evaporating  liquid,  we  obtain 


hence 


or 


=<i-/it)(*-r+f) ; 

(6a) 

(7) 

1 

7 »'  \  • 

«*(*•-•) 

(8) 

Thus,  the  knowledge  of  any  one  of  the  examined  quantities 
(circulation  multiplicity  in  terms  of  the  boundary  boiling  layer, 
the  degree  of  steaming  of  the  boiling  layer,  or  the  recirculation 
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coefficient)  makes  it  possible  to  determine  the  other  two  according 
to  formulas  (3),  (7),  or  (8)  since  there  is  a  unique  relationship 
between  them  (Pig.  1).  Furthermore,  the  knowledge  of  any  of  the 
three  examined  quantities  makes  it  possible  to  determine  the 
relationship  between  the  quantities  of  heat  expended  during  the 
boiling  of  underheated  liquid  on  its  heating  and  on  evaporation. 
Actually,  the  quantity  of  heat  expended  on  heating  liquid  flowing 
to  a  unit  of  surface  in  a  unit  of  time  up  to  the  temperature  of 
the  boundary  layer  will  be 


It  should  be  noted  that  the  second  term  in  equation  (9)  takes  into 
account  the  difference  between  boundary  layer  temperature  and 
saturation  temperature.  If  boundary  layer  temperature  is  below 
saturation  temperature,  heat  is  expended  not  only  on  heating  of 
the  liquid  up  to  boundary  layer  temperature,  but  also  on  heating 
that  liquid  which  then  is  evaporated,  from  boundary  layer  tem¬ 
perature  to  saturation  temperature.  If  boundary  layer  temperature 
is  greater  than  saturation  temperature,  the  heat  which  was  ex¬ 
pended  on  heating  the  evaporating  liquid  from  saturation  temper¬ 
ature  to  boundary  layer  temperature  then  returns  to  liquid.  Thus, 
the  second  term  in  the  equation  (9)  can  be  either  positive  or 
negative.  Taking  into  account  the  fact  that 

q»  cn +  ?«<»“?.  (10) 

by  the  simplest  transformations  we  can  obtain  an  expression  for 
the  mass  of  steam  forming  in  a  unit  of  time  on  an  unit  of  heating 
surface,  as  well  as  an  expression  for  the  mass  of  liquid  flowing 
from  the  flow  core: 

W  _  iCV _ j _ .  n  „  n 

_ _  •  n., 

~±F  ~ r  -  K  </,,c  -  -  «’„.c  -  V  U  U 

If  the  amount  of  steam  forming  in  a  unit  of  time  on  a  unit  of 
heating  surface  area  is  divided  by  the  cross-sectional  area  of 
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the  channel  and  multiplied  by  its  perimeter,  vaporization  intensity 
r  ,  i.e.,  the  amount  of  steam  forming  in  a  unit  of  time  per  a  unit 
of  liquid  flow  volume,  at  the  limit  will  be 

r  —  rf0»*  _ _ £5 _ 

(12) 


Fig.  1.  Circulation  multi¬ 
plicity  versus  relative  flow 
enthalpy  for  a  pipe  5.^  mm 
in  diameter,  300  mm  in  length, 
at  a  pressure  of  1.2  bar. 


We  should  mention  that  during  the  boiling  of  underheated 
liquid,  in  the  general  case,  not  all  the  steam  is  stored  in  the 
flow,  as  occurs  with  the  boiling  of  liquids  heated  to  saturation 
temperature,  but  some  of  it,  in  contact  with  the  underheated 
liquid  in  the  flow  core,  is  condensed.  The  intensity  of  steam 
condensation  in  the  flow  of  underheated  liquid  is  of  independent 
scientific  and  practical  interests;  however,  the  intensity  of 
steam  storage  along  the  channel  can  generally  be  expressed  in 
the  form 


<1G’  _r  , 

m  "  BT 


r«. 


(13) 


In  order  to  find  the  flow  rate  of  steam  in  any  cross  section  of 
the  channel,  we  should  integrate  equation  (13)  along  the  channel 
from  the  cross  section  in  which  intensive  vaporization  begins  up 


*•» 
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to  the  examined  cross  section: 


Thus,  in  order  to  determine  the  amount  of  steam  in  any 
channel  cross  section,  it  is  necessary  to  know  the  location  of 
the  section  in  which  intensive  vaporization  begins,  the  intensity 
of  condensation  along  the  channel,  the  distribution  along  the 
channel  of  pressure,  circulation  multiplicity,  liquid  temperature 
in  the  boundary  layer,  and  liquid  temperature  in  the  flow  core. 

At  the  contemporary  level  of  knowledge  concerning  the  boiling 
processes  of  underheated  liquids,  data  as  yet  is  insufficient  for 
determining  the  amount  of  vapor  and,  consequently,  of  liquid. 

However,  in  the  first  approximation,  it  is  completely 
acceptable  to  assume  the  following. 

1.  Steam  condensation  intensity  even  in  the  flow  of  under¬ 
heated  liquid  is  neglible  as  compared  with  vaporization  intensity 
C 3 »  4];  consequently,  it  can  be  disregarded. 

2.  The  pressure  drop  on  the  heated  section  is  considerably 
less  than  working  pressure;  therefore,  all  steam  parameters  (on 
the  saturation  line)  and  liquid  parameters  can  be  considered 
constant  along  the  channel. 

3.  The  temperature  of  the  liquid  in  the  boundary  layer  is 
approximately  equal  to  saturation  temperature. 

4.  Liquid  temperature  in  the  flow  core  is  approximately 
equal  (actually  it  is  somewhat  lower)  to  the  temperature  of 
liquid  phase  in  the  flow. 
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It  should  be  mentioned  that  at  high  thermal  loads  when  the 
temperature  of  the  liquid  in  the  boundary  layer  is  greater  than 
saturation  temperature,  the  last  two  assumptions  lead  to  errors 
which  somewhat  compensates  each  other.  With  the  assumptions  made, 
equation  (1*0  takes  the  following  form: 


w 


»_*n  f  1 

r  “  r  J  \-Kx* 
*«.» 


dZ. 


(15) 


Then  the  actual  vapor  content  in  any  channel  section  can  be 

✓ 

determined  according  to  formula 


x.~ 


JJL 


rwtf' 


Kx x 


dZ- 


(16) 


or 


I _ 

1  —  Kx* 


dZ. 


(16a) 


Phase  velocities  can  be  evaluated  according  to  formulas: 


"$5*  S  I -Kxx  dZ'' 

I 

_ fli _  f  V  dZ 


or 


v  ana  w  -  • 


(17) 

(18) 

(19) 


Thus,  if  we  know  the  distribution  of  circulation  multiplicity 
along  the  channel  on  the  basis  of  any  analytical  considerations 
or  experimental  data,  the  liquid  phase  temperature,  true  vapor 
content  per  unit  volume,  and  point  of  initial  intensive  vapor-  * 

ization  can  be  evaluated  by  numerical  or  graphic  integration,  as 
well  as  the  quantity  of  steam  in  the  channel,  the  actual  vapor 
content  of  the  flow,  and  the  phase  velocity  in  any  section  along 
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the  channel.  All  the  above  quantities  and  functions  necessary 
for  evaluating  the  characteristics  of  two-phase  unbalanced  flow 


at  the  contemporary  level  of  knowledge  can  be  determined  only 
experimentally  with  the  use  of  completely  different  study  methods 

Circulation  multiplicity  of  the  liquid  between  the  boundary 
layer  and  the  flow  core  is  evaluated  on  the  basis  of  the  salt 
method  [5,  6]  according  to  formula: 

- Lv - , 

1— -  (20) 

where  the  beginning  of  unlimited  growth  of  salt  deposits  S**  is 

determined  experimentally  in  studying  the  regularity  of  salt 

deposition.  The  salt  solubility  limit  SHac  is  determined  either 

experimentally  or  according  to  handbook  data  in  the  first 

approximation  based  on  saturation  temperature  on  the  assumption 

that  the  temperature  of  the  boundary  layer  is  equal  to  saturation 

temperature.  The  effective  temperature  of  the  boundary  layer  can 

be  evaluated  more  precisely  by  experiment  [7].  The  actual  flow- 

rate  water  content  of  the  flow  (1  -  x  )  with  low  absolute  values 

*  A 

of  vapor  content  per  unit  weight,  in  the  first  approximation,  can 
be  assumed  equal  to  (1  -  x)  where  x  is  determined  according  to 
the  thermal  balance.  Thus,  an  approximate  evaluation  of  circu¬ 
lation  multiplicity  is  made  not  according  to  formula  (20)  but 
according  to  the  simplified  formula: 


s<:n  *-*> 


Temperature  of  liquid  phase  or  the  quantity  of  relative 
enthalpy  of  unbalanced  flow  can  be  determined  by  a  direct  measure 
ment  of  liquid  temperature  in  a  separator  installed  behind  the 
experimental  section.  By  changing  the  length  of  the  experimental 
section,  we  can,  at  identical  thermal  loads  and  flow  parameters 
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at  input,  obtain  the  experimental  function  of  the  variation  in 
liquid  phase  temperature  distribution  along  the  channel.  These 
studies  should  be  made  simultaneously  with  the  study  of  circulation 
multiplicity  on  the  same  experimental  installation. 


The  exponential  function  presented  in  references  {.2,  8], 
proposed  for  the  evaluation  of  liquid  phase  enthalpy  or  temperature 
distribution,  can  be  represented  in  the  following  form  by  the 
simplest  transformation: 

(22) 


where  coefficient  A  is  the  increment  of  vapor  content  per  unit 
length  of  the  channel: 


A 


_ <?n  _  A*  _ 

~  Fw„ ’t'f  ~~  Z  —  * 


(23) 


It  should  be  mentioned  that  the  selection  of  the  exponential 
function  of  distribution  is  based  on  formal  consideration  and  is 
necessary  in  an  experimental  check. 


The  temperature  for  relative  enthalpy  of  the  liquid  In  the 
section  where  Intensive  vaporization  begins  or  the  distance  of 
this  section  from  input  to  the  heated  channel  can  be  approximately 
determined  with  an  examination  of  the  distribution  of  true  vapor 
content  per  unit  volume  along  the  channel.  Relative  enthalpy  of 
the  liquid  and  the  cross  section  where  intensive  vaporization 
begins  is  indicated  by  dashes  on  the  graph  showing  the  dependence 
of  true  vapor  content  per  unit  volume  on  relative  enthalpy  of 
the  flow  (Pig.  2).  Several  empirical  relationships  are  known  for 
evaluating  the  enthalpy  of  the  beginning  of  intensive  vaporization 
according  to  various  signs:  according  to  the  achievement  of 
saturation  temperature  or  a  certain  overheating  of  the  wall  and 
according  to  the  beginning  of  the  intensive  increase  in  hydraulic 
resistance  or  true  vapor  content  per  unit  volume.  However,  all 
these  relationships  have  a  special  character  [9-13]. 
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The  distributions  of  true  vapor  contents  per  unit  volume 

along  the  channels  are  mainly  studied  using  the  method  of  radio- 
graphic  examination  and,  at  the  present  time,  there  is  a  rather 
large  amount  of  experimental  data  available  [4,  13,  1^,  15,  ete.J. 
Recently  attempts  have  been  made  to  analytically  solve  the  problem 
of  the  distribution  of  true  vapor  content  per  unit  volume  [2,  8, 
17].  However,  even  the  most  successful  of  them  require  the 
knowledge  of  the  location  of  the  point  where  intensive  vaporization 
begins  and  the  distribution  of  liquid  phase  temperatures  along  the 
channel,  as  yet  completely  unstudied. 

Conclusions 

A  brief  analysis  of  the  characteristics  of  two-phase 
stationary  unbalanced  flows  has  shown  that  the  greatest  interest 
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lies  in  complex  examinations  of  the  hydrodynamics  (the  beginning 
of  intensive  vaporizations,  true  vapor  content  per  unit  volume, 
pressure  gradients),  heat  exchange  (the  temperature  of  the  heat¬ 
releasing  surface,  liquid  phase,  and  boundary  layer),  and  mass 
exchange  (circulation  multiplicity  of  the  liquid  between  the  flow 
core  and  the  boundary  layer),  performed  on  the  same  installations 
under  Identical  conditions. 

Such  examinations  have  been  performed  in  recent  years  at 
IVT  [Translator's  Note:  The  expansion  for  this  abbreviation  is 
not  known.]. 
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THE  ACCURACY  OF  CALCULATING  WATER 
CIRCULATION  ON  ELECTRONIC  COMPUTERS 

G.  I.  Zinger,  and  L.  N.  Papernaya 

Designations 

g  -  projection  of  the  acceleration  of 
gravity  in  the  direction  of  the 

pipe,  m/s2; 

G  -  total  mass  circulation  flow  rate, 
t/h; 

i  -  heat  content, kcal/kg; 
l  -  length,  m; 

p 

p  -  pressure,  atm  (tech.)  or  kgf/m  ; 

Q  -  heat  reception  of  section,  kcal/h; 

r  -  heat  of  vaporization,  kcal/kg; 

w  -  circulation  velocity,  m/s; 

x  -  flow-rate  vapor  content  per  unit  weight; 

z°  -  coefficient  of  specific  hydraulic 
resistance  of  pipes; 

3  -  flow-rate  vapor  content  per  unit  volume; 

*3 

Y  -  specific  weight,  kg/m  ; 

2 

o  -  density,  kg-s  /m  ; 

4>  -  true  vapor  content  per  unit  volume. 


Subscripts  and  Superscripts 


6  -  drum; 

b  -  beginning  of  boiling; 
cm  -  steam-water  mixture; 

j  -  order  number  of  sections  convergent 
to  node; 

'  -  wate^  'n  saturation  line; 

"  -  steal  <n  saturation  line; 

±  -  refer  to  flows  directed  toward  and 
away  from  node. 

The  calculation  of  circulation  in  complex  loops  consists  in 
determining  the  circulation  flow  rate  in  the  system  as  a  whole 
and  the  flow  rates  in  individual  loops,  as  well  as  other  parameters 
characterizing  circulation  and  depending  on  these  flow  rates, 
with  given  working  pressure,  thermal  fluxes  on  the  heated  element , 
coefficients  of  hydraulic  resistance  and  the  g<  ometric  parameters 
of  the  circulation  loop. 

The  method  of  adding  characteristics,  used  in  calculations  of 
circulation  in  boilers  [1],  is  unsuitable  when  calculating 
evaporative  cooling  systems  which  operate  at  lower  pressures 
(1-10  atm  (tech.))  and  are  distinguished  by  the  characteristic 
connection  of  various  groups  of  unlike  individual  sections  to 
common  intermediate  pipes,  etc.  Calculations  using  the  method 
from  [1],  in  these  cases,  lead  to  results  which  differ  sub¬ 
stantially  from  actual  quantities.  The  method  from  [2]  is  used 
by  us  in  machine  computation  for  calculating  stationary  regimes; 
calculation  of  the  economizer  sections  and  determination  of  the 
point  where  boiling  begins  are  performed  according  to  the  same 
formulas  as  in  [1].  The  formula  for  calculating  <J>  =  $(8,  p,  wcM) 
[2,  4]  is  derived  by  processing  the  experimental  data  [3,  53;  the 
functions  p’(p)  and  i’(p)  are  found  by  processing  the  tables  in 
[6] ;  di/dp  is  expressed  in  terms  of  p’(p)  and  i’(p)  according  to 
the  Clapeyron-Clausius  formula. 
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For  calculating  the  steam-containing  sections,  a  system  of 
equations  for  p  and  x  is  used: 


dp_ 

~(tl 


with  boundary  conditions  when 


l  =/.  P~p,-p(U)i 

I— o  p  =>/?«. 


(i) 


(2) 


In  solving  system  (1)  it  is  necessary  to  fulfill  conditions 
p  >  P6,  x  <  1.  We  must  also  fulfill  the  condition  of  conjugation 
at  each  of  the  points  common  for  several  individual  loops  (in¬ 
cluding  in  the  drum): 


Pj-  const: 
(Gi)-  ~(Gi)+, 


(3) 


expressing  pressure  balances,  material  and  thermal  balance. 


The  calculation  is  considered  finished  if  the  test  flow  rate 
gives  at  the  end  of  the  ascending  pipe  entering  the  drum  a  pressure 
which  differs  from  pg  by  an  allowable  discrepancy  and  the  given 
distribution  of  flow  rate  along  the  individual  loops  gives  a 
pressure  at  the  end  of  the  converging  pipes  which  differs  by  the 
value  of  the  discrepancy  The  value  of  this  discrepancy  is  given, 
in  advance  by  a  computer  in  each  specific  case.  It  is  actually 
the  accuracy  with  which  system  (1)  with  boundary  conditions  (2) 
and  (3)  is  solved.  Numerous  calculations  have  shown  that  the 
value  of  the  allowable  discrepancy  rather  frequently  affects  the 
circulation  flow  rates,  changing  them  by  a  factor  of  1.5-2.  This 
occurs  not  only  at  pressures  near  atmospheric  but  also  at  pressures 
on  the  order  of  40-50  atm  (tech.). 
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lation  in  the  ascending  gas  duct  and  the  cooling 
water  jacket  of  a  cooler-boiler  behind  a  250-ton 
converter  from  the  Karaganda  Metal  Plant: 

1  -  Drum;  2  -  Descending  pipes;  3  -  Collectors; 

4  -  Heated  pipes  of  the  water  wall;  5  -  Steam¬ 
transferring  pipes. 

KEY:  (1)  To  circulation  pumps;  (2)  From  circu¬ 
lation  pumps. 


As  an  illustration  we  can  use  the  calculation  of  circulation 
in  loops  of  cooler-boilers  of  converter  gases  behind  a  250-ton 
converter  (Fig.  1).  The  basic  data  for  calculation  is  working 
pressure  48  atm  (tech.);  thermal  stress,  for  the  cooling  water 
jacket  30- 10^-480> 10^,  for  the  ascending  gas  duct  l4*10^-304*10^, 
for  the  descending  gas  duct  7* 10^-65* 10^  kcal/m^'h.  The  heat 
reception  of  the  bundles  of  converging  pipes  is  referred  to 
approximately  as  1:2:4.  The  absolute  discrepancies  are 
A^  =  0.04  atm  (tech.)  in  version  I  and  A2  55  0.005  atm  (tech.)  in 
version  II.  Accordingly,  the  graph  of  reduced  circulation 
velocities  are  presented  in  Fig.  2. 

A  further  decrease  in  the  allowable  discrepancy  did  not  lead 
to  a  decrease  In  circulation  velocities. 
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Fig.  2.  Circulation  rate  versus  heat  reception  in  the 
ascending  gas  duct  (II)  and  the  cooling  water  jacket  (I): 

1  -  Pipe  with  maximum  heat  reception;  2  -  Pipe  with  average 
heat  reception;  3  -  Pipe  with  minimum  heat  reception. 

KEY,:  (1)  Circulation  velocity  wQ,  m/s;  (2)  Heat  reception, 
thous.  kcal/h. 

DESIGNATION:  am  =  atm  (tech.). 


Analysis  of  the  calculations  made  shows  that  the  allowable 
discrepancy  in  calculations  must  be  selected  according  to  the 
minimum  value  of  the  useful  head  in  individual  loops  and  must  be 
one  order  less.  Such  calculations  are  generally  rather  cumber¬ 
some  and  require  computer  work. 
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SECTION  III 


HEAT  TRANSFER  WITH  CONDENSATION 


CALCULATION  AND  TEST  DATA  FOR  THE 
HEAT  TRANSFER  FACTOR  DURING  THE 
CONDENSATION  OF  MOVING  STEAM 


L.  D.  Berman 


Designations 


c 

c 


f 

n 


6 

Ga  =  gzVv2 


-  coefficient  of  friction  resistance 

-  specific  heat  capacity; 

-  external  diameter  of  pipe; 

-  acceleration  of  gravity; 

-  Galileo  number; 


j  -  density  of  the  lateral  flow  of  the 
mass ; 

K  =  r/(c  -  phase  transformation  number; 

?  -  characteristic  dimension  of  the 
surface  in  dimensionless  numbers 
(for  the  vertical  surface  7  •*  ! 
for  the  horizontal  pipe  7  =  d,; 

L  ■*  height  of  vertical  surface; 


Nu  =  aZ/A  -  Nusselt  number; 


p  -  pressure; 

Pr  =  pc  /A  -  Prandtl  number: 

r  -  heat  of  phase  transformation 
(condensation) ; 

Pen  =  U<\,Z/vn  -  Reynolds  number  for  vapor  flow; 
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Re  =  4u6/v  -  Reynolds  for  condensate  film; 

K  H 

u  -  velocity  of  the  medium  in  the 
direction  of  the  x-axis; 

-  velocity  of  the  basic  mass  of  steam; 

a  -  averaged  (over  the  height  of  the  vertical 
surface  or  along  the  perimeter  of  the 
horizontal  pipe)  heat  transfer  factor; 

a  -  local  heat  transfer  factor; 

<5  -  thickness  of  condensate  film; 

$  -  temperature  head  (difference  between 
wall  and  steam  temperatures); 

A  -  coefficient  of  heat  conductivity; 

p  -  coefficient  of  dynamic  viscosity; 

v  -  coefficient  of  kinematic  viscosity; 

p  -  density; 


t  -  viscous  stress. 


Subscripts  and  Superscripts 

k  -  condensate; 
wp  -  critical  value; 
h  -  with  motionless  steam 
n  -  steam; 
otp  -  separation; 

x  -  when  l  «  X  (for  dimensionless  numbers); 

S  -  on  the  interface  of  liquid  and  vapor  phase. 

With  film  condensation  of  moving  steam,  the  mechanical  inter¬ 
action  between  the  steam  flow  and  the  film  condensate  changes  the 
flow  conditions  of  the  latter,  which  involves  a  change  in  the 
value  of  the  heat  transfer  factor  as  compared  with  the  case  of 
motionless  steam  condensation  [1,  2].  Although  Nusselt  indicated 
this  more  than  fifty  years  ago,  there  is  as  yet  no  single  opinion 
concerning  the  effect  of  steam  flow  on  the  intensity  of  heat 
transfer  across  a  film  of  condensate  when  the  Reynolds  number  of 
the  film  Re  is  below  critical  Reu  ,  which  with  motionless  gas 

H  H  Hp 
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phase  is  responsible  for  the  transition  to  the  turbulent  regime 
of  the  film's  flow  [3 j . 

T,he-  flow  of  gas  (vapor )  .phase  cab  have  a-  double  effect  on 
the  .flow:  of  the  liquid  .film  when  Re  .<  Re 

■  .  k  k  Kp 

-  cause  -a  change  in  the  velocity  distribution  in  the  lateral 
cross  s'ctiori  e>f  the  i-iiin-  and  j  .-consequently-,  a  change  in  the 
average  velocity  and,  (thickness;,  of  the.  film  while  its  laminar  flow 
regime  is;  preserved?, ,  'owihg' .to  the  effect  of  the  friction  on  the 
interface  of  liquid!  and  vapor'  phase  j 

-  .be  the<  source,  of  disturbance  which  causes  a.  more  radical 
restructuring  of  the  flow  regime  of  the.  condensate  film  -  its 
transition  during  relatively  low  Re„  to  a  nonregular  (three.- 

n 

dimensional)  wave  regime  with:  separation,  under  certain  conditions, 
of  drops  from  the  liquid  'surface.: 


The- isoiution  to  the  problem  of  the  effect  of  steam  velocity 
on  the  neat  transfer  factor-  during'  condensation  on  the  vertical 
surface,  proposed' by  '.Nussel^'.  EiT,.  :pjert'alhs'  to  the  case  when  the 
flow  regime  of  the.  condensate,  film,  is  'laminar i  Viscous  stress 
on  the  phase  interface  was  defined  ;by.  ;hiw  as 


(i) 


where  the  coefficient  of  friction  resistance  <it,  was  assumed 
constant  and  equal  to,  0. 0.0505* 

In  reference  [4].  it?  was  proposed  to  use  the  results  of  this 
solution  even  for  the  case  of  condensation  on  a  horizontal  pipe 
after  increasing,  in  accordance  with  the  test  results  of  the 
author  of  this  work »  the  coefficient  of  friction  resistance  to 
=  0.0085. 

X 
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The  refined  solutions proposed1  in  references  [ 5— 9 D »  for  the 
-condensation  of  moving  .steam  on  a  vertical  surface  were  intended 
to  account,  for  the  fact  that  the  value  of  viscous  stress 


or  the-  coefficient  of  friction 


depends  on  the  gradient  of  steam  velocity  at  the  interface*.  i*.e., 
on  the  steam  flow  regimes,  and  also  the  fact  that  during  the 
condensation  of  steam  inside;  the  vertical  pipe*  the  velocity  of 
the  steam  (or  Ren)  decreases  as  it  condensates.  In  both  these 
references  and  references  [10,  11],  for  condensation  on  a 
horizontal  pipe,  function  Cg(Re~ )  or  the  gradient  m  were  de¬ 
termined  according  to  data  for  the  flow  of  a  gaseous  (vapor) 
medium  around  an  impermeable  surface  in  the  absence  of  condensation. 

A  number  of  authors  [12-17]- have  given  attention  to  the 
circumstance  that,  in  the  case  of  vapor  condensation,  the  transfer 
of  momentum  by  the  lateral  flow  of  the  mass  (by  the  condensing 
steam)  affects  the  value  of  the  gradient. (^r^,  and*  consequently, 

Tfi.  Some  of  the  authors  considered  it  possible  to  disregard  this 
effect  due  to  its  smallness  [15];  others,  on  the  other  hand* 
pointed  to  its  significant  or  even  determining  role  [13,  16,  17]* 

Although  in  most  of  the  above  works  the  Nusselt  model  of 
laminar  flow  of  a  condensate  film  was  maintained  as  the  basis  and 
only  the  problem  of  refining  the  quantity  was  posed,  in  the 
works  of  VTI  [All-Union  Institute  of  Heat  Engineering  lm.  L.  E. 
Dzerzhinskiy]  [3,  11,  18,  19]  the  necessity  of  changing  the  basic 
model  itself  was  discussed.  This  was  based  on  the  assumption 
that  even  with  low  velocities  of  vapor  flow  the  disturbance 
caused  by  it  leads  to  a  disruption  of  the  laminar  flow  of  the 
condensate  film,  which  passes  into  an  irregular  wave  regime,  and 
to  a  change,  due  to  this  mechanism,  in  the  transfer  of  heat  across 
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the  film;  This  was  manifest  in  .the  development  of  the  suggestion 
discussed  ear  tier  in  [2,  IB]  that  the  external  disturbances  caused 
by  the  precipitating  condensate  or  the  moving  steairi  were  the 
reason-  for  the-  transition,  observed-  in  tests  *  to  turbulent  con¬ 
densate  film  flow  even  at  relatively  low  Reynolds  numbers  Re 
(on  the  order  of  .20.0-^00'  against  1500-2 000)'  in  the  absence  of 

* 

external,  disturbances. 

Various  theoretical  relationships  for- the  heat  transfer 
factor  during  the  condensation  of  moving  vapor  and  the  laminar 
flow  of  condensate  film  are  compared  below;  to  each  other  and  to 
various  test  data;  They  all  refer  to  the  condensation  of 
saturated  vapor  moving,  downward  when  Pru  .>  1,  K  >  5,  Rh  <  Re„ 
when  it  is  necessary  to  take  into  account  the  simultaneous  action 
on  the  condensate  film  of  both  gravity  and’  friction  on  the  phase 
interface. 

CONDENSATION  ON  A  VERTICAL  SURFACE 

If  we  assume  that  during  the  condensation  of  the  moving, 

steam  the  film  flow  remains  laminar.,  then,  as  was  shown  in  [30, 

wje  can  use  the  results  of  Musselt’s  numerical  solution  even  in 

those  eases  when  the  dependence  of  t.  on  Re.  and  on  the  transfer 

o  n 

of  momentum  by  the  condensing  steam  Is  taken  into  account.  For 
this  it  is  necessary  to  change  the  quantity  ,  accordingly,  in 
the  dimensionless  number  it ..  if  t*  depends  on  a  (see  below),  , 

the  quantity  is  more  precisely  defined  by  the  iteration  method. 
Figure  1  presents  some  results  of  calculations  thus  obtained  for 
the  condensation  v>f  steam  moving  downward  on  a  vertical  surface 
(flat  plate  or  surface  having  radii  of  curvature  along  the 
horizontal  which  are  large  enough  for  us  to  assume  the  flow  of  the 
thin  condensate  film  is  two-dimensional ) . 

On  Fig.  1  curve  I  Indicates  the  dependence  of  <*A*H  on 
according  to  Nusselt  with  c^,  *  0.00505  -  const,  curve  2  with 


i 


i 


1 


A 

I' 

l 


■  ' 


?9  2 


Blasius*  law  of  resistance  for  laminar  flow  of  a  gaseous  (steam) 

medium  (Ren  <  5*105)  -  cf  =  1.328  Re"0,5,  and  curve  3  with  Prandtl's 

law  of  resistance  for  turbulent  flow  (Re  >  5*10^)  -  c„  =  0.074 
-0.2  n  “  1 
Ren  *  .  Since  the  examined  solution  is  based  on  the  assumption 

that  a  smooth  laminar  film  of  condensate  is  preserved,  the  increase 

in  cf ,  which  is  observed  when  a  wall  is  covered  with  a  rippled 

film  of  liquid,  is  not  taken  into  account.  All  three  curves  agree 

well  with  the  approximate  equation  obtained  in  [11]: 


(v)’ + ^  Re,,"' ^  Ga~3 ' (Pf.A*)' 4  -  1  -  0, 


(4) 


where  for  curve  1  A  *  0.0032  and  n  =  2,  for  curve  2  A  *  0.92  and 
n  *  1.5,  and  for  curve  3  A  *  0.048  and  n  =  1.8. 


Pig.  1.  Calculated  values  of 
a/a  as  a  function  of  the 

H 

velocity  of  the  steam  with  con¬ 
densation  on  a  vertical  surface 
(water  vapor  p  ■  1  bar, 

*  =  10°C,  L  =  1  M): 

1  -  According  to  Nusselt; 

2  -  With  Blasius'  law  of  re¬ 
sistance;  3  -  With  Prandtl's 
law  of  resistance;  4  -  With 

according  to  formula  (5); 

5  -  With  a  according  to  formula 
(7). 


Curve  4  in  Pig.  1  is  obtained  in  the  same  way  but  with  the 
effect  of  impulse  transfer  by  the  condensing  steam  taken  into 
account  when  determining  t^.  Particles  of  steam,  penetrating 
from  its  basic  mass  through  the  boundary  layer  to  the  phase  inter¬ 
face,  reduce  its  longitudinal  velocity,  while  giving  corresponding 
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momentum  to>  the  particles  of  the  basic  steam  flow  in  the  boundary 
layer,..  Because  of  this,,  the  latter  are  accelerated  .and  the 
velocity  profile  in  the  boundary  layer  of  steam  becomes,  more  com¬ 
plete  than  in  the  absence  of  lateral  .mass  flow.  The  gradient  of 
steam  .velocity,  (-^j^  determining  the  quantity  x^  changes,  accordingly  . 
In  addition,  With  a  continuous  velocity  profile  on  the  phase  inter¬ 
face  (Pig?  2.)  connected  to  the  condensate  film  on  an  element  of  its 
surface,  the  new.  portion  of  liquid  has  a  velocity  Uji  which  is 
higher  than  the  average  velocity  of  the  film  u  •  and  gives  to  the 

"•  J  ’  »A'  ■ 

film  part  of  its  momentum. .  If -we,  assume.,  that  u'-  <<  U^,  ,we  can 
approximately  account  for  the  effect  of  lateral  mass,  flow1,;  .further' 
assuming-  that 1 


Pig.  2.  Velocity  profile  during 
condensation  of  moving  steam 
(descending  flow);'  . *. 

1  -  Wall;.  2  —  Condensate  film; 

3  -•  St  bam. 


-In  :Cf3i  viscous  stress  is  defined  as  the  sum  x^  ^  +  Ty  H» 

where  the  component  is  caused  by  friction  on  the  Phase  ihtesv- 

face  and:  is  determined  by  a  formula  in  the  form  of  (I).,,  and  the 
component  u  is  caused  by  impulse  transfer- by  the  condensing 

P  ry 

steam  and  is  determined  by  a  formula  in  the  form  of  (5);  in  both 
cases,  velocity  is  introduced  into  the  formula .  Since  Tp 

actually  depends  substantially  on  impulse  transfer  by ^condensing 
steam  and  the  impuls.-  transmitted  to  the  film  of  condensate^  Which 
is  again  formed  by  a  portion  of  the  condensate  during  its  retar¬ 
dation,  depends  on  velocity  u^  and  not  U^,  it  is  impossible  to 

agree  with  such  an  application  of  the  rule  of  additivity  in  deter- 
mihihg  Xy  We  should  mention  that  with  the  .practical  calculation 

recommendations  it  In  not  used  by  the  authors  of  reference  [13]. 
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This  formula,  obtained  by  Meredith  and  Griffith  for  longi¬ 
tudinal  flow  around  a  plate  with  uniform  exhaust  of  the  boundary 
layer  [20],  was  used  earlier  for  determining  x^  in  reference  [17'J. 
The  function  for  x^  obtained  in  [ 1 6 ]  under  the  condition  u  * 
when  y  *  ^  also  leads  to  this  formula. 

The  results  of  our  calculations  in  determining  x^  according 
to  formula  (5)  are  described  well  by  the  equation: 

— --0,125  (KJ+TB  +  2  \'B)  (V'fi+IB  -  VB)' *  ( 6 ) 

where 

fl  =  Renl(Ga0Prlt/Q. 


Curve  ,  plotted  on  the  basis  of  these  calculations,  differs 
little  from  curves  1  and  3,  i.e.,  as  already  mentioned  in  [3], 
the  change  in  x^  as  compared  with  that  assumed  by  Nusselt  did  not 
lead  to  a  substantial  change  in  the  values  of  a/a  under  the 
examined  conditions. 


Another  result  is  obtained  in  reference  [21],  according  to 

which 


a  -=» 


V2&  +  VG) 

iy 

Kl-rV? 


(7) 


where 


<=■+» 


Formula  (7)  answers  to  curve  5  in  Fig.  1.  It  deviates  con¬ 
siderably  from  the  other  curves.  The  reason  for  this  requires 
clarification  especially  as  in  [21]  the  quantity  xfi  was  determined 
according  to  the  same  formula  (5)  as  in  calculations  represented 
by  curve  4, 

As  follows  from  [17],  in  deriving  formula  (7)  it  was  assumed, 
in  the  first  place,  that  in  the  case  of  film  condensation 
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regardless  of  the  nature  of  the  forces  acting  on  the  condensate 
film,  the  local  heat  transfer  factor  is.  proportional  to  the  square 
root  of  the  average  film  velocity  in  a  given  cross  section  of  it. 


and,  in  the  second  place,  that  the  average  film  velocities  in 
different  cases  of  condensation  are  found  in  the  relationship: 


where,  taking  (8)  into  account,. 


?«l  I  /*»r I 

V  “i? 


and 


(10) 


Here,  noted  by  the  subscript  1,  are  the  quantities  which 
relate  to  the  condensation  of  moving  steam  when  the  condensate 
film  is  only  acted  upon  by  friction  on  the  phase  interface  (con¬ 
dition  of  weightlessness),,  the  quantities  indicated  by  the  sub¬ 
script  2  pertain  to  the  condensation  of  motionless  steam  during 
the  action  of  gravity  only.,*.  and  quantities  carrying  subscript  3 
refer  to  the  condensation  of  moving  steam  in  the  field  of  gravity 
with  the  simultaneous  action  of  both  forces. 

Actually  relationship  (8)  is  valid  only  for  weightless  con¬ 
ditions  and  with  quantity  x^  determined  by.  formula  (5)«  It  can 
not  be  extended  to  other  cases ,  however *  and  because  of  this  it 
is  impossible  to  obtain  relationship  (10).  In  addition,  for 
laminar  film  we  actually  haive,  instead  of  (9)» 

Kfj  —  ux\  un •  (11) 

Therefore,  the  formula  obtained,,  based  on  the  above  two 
assumptions,  is  not  well  founded  theoretically  even  for  the 
examined  case  of  laminar  flow  of  a  condensate  film,  although,  as 
our  calculations  indicate,  for  conditions  which  respond  to  the 
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assumed  value  of  t^,  the  errors  caused  by  assumptions  (8)  and  (9) 
have  reversed  sighs  and,  to  a  considerable  extent,  compensate 
each  other.  The  main  reason  for  the  substantial  disagreement  of 
curves  4  and  5  is  the  error  which  slipped  in  to  the  derivation  of 
formula  (7);  This  error  means  that  for  the  limiting  case  when 
-  0,  we  have,  according  to  this  formula,  a  .  *►  0  and  not  toward 
a  or,  in  other  words,  that  bt/a  0  and  not  toward  1.  Such  a 
result  contradicts  those  taken  in  the  derivation  of  formula  (7)  as 
the  basic  assumption;  The  introduction  of  corresponding  corrections 
into  the  derivation  leads  to  a  confirmation  of  curves  4  and 
formula  (6). 

If;,  taking  the  above  into  account,  we  exclude  curve  5  from 
examination,  we  can  see  that  on  the  assumption  of  a  laminar  flow 
of  the  condensate  film  and  moderate  steam  velocities,  to  which 
Pig.  1  refers,  a  more  precise  definition  of  the  quantity  as 
compared  with  that  taken  by  Nusselt  is,  very  weakly  reflected  in 
the  calculated  values  of  a; 

For  the  case  of  condensation  on  a  vertical  surface  test  data 
convenient  for  checking  these  theoretical  relationships  are  still 
lacking.  Test  data  for  condensation  on  a  vertical  two-dimensional 
plate  of  freon-113  steam  moving  downward  at.  p  *  1  bar  and 
l  ■  5.5-22°C  are  presented  in  the  recently  published  work  C 9] • 
However,  the  test  points,  presented  in  this  work  on  a  graph,  has 
such  a  large  spread  that  it,  is  impossible  to  use  them  to  evaluate 
the  correctness  of  any  theoretical  solution.1.  As  they  only  make 


‘Hoping  to  combine  the  test  points  for  various  *  cn  the  graph, 
the  author  of  the  work  arbitrarily  multiplied  the  obtained  values 
of  Nu  by  (Pr  K)r°* 2**,  which  according  to  the  data  from  VTI  [22] 
for  condensation  of  moving  steam  is  inadmissible.  This  method  did 
not  eliminate  the  large  spread  of  the  points. 
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it  possible  to  establish  an  approximate  (averaged  for*  the  studied 
conditions  or  for  the  averaged  value  of  Pr  ?  4.O.).  .dependence  of 
the  heat  transfer  factor  On  steam  velocity,  which  can  be  repre¬ 
sented  in  the  form  (Pig..  3  and  4): 


This  relationship  satisfactorily  agrees  with  the  test  data 
from  VTI  for  the  condensation  of  moving  water  vapor  on  a  hori¬ 
zontal  pipe,  according  to  which  when  Ren  >  200  the  heat  transfer 
factor  is  proportional  to  steam  velocity  to  a ’degree  constituting, 
on  the  average,,  0.16  against  0.12  in  the  examined  case. 


Fi-g.  3.  Dependence  of 
.  ..  Nu.r  /  Rcnr ,  v  \v-  _Qa_ 


during  the  condensation  of 
freon-113  on  a  vertical  plate 
according  to  the  tests  in  [9] 
(p  *  1  bar,  *  *  5-22°C). 


Pig,  4.  Dependence  of  the 
ratio  dt/iL  u  on  dimen- 

sioniess  steam  velocity 
with  the  average  Pr,.K  »  40 

(processing  of  data  in  [93)* 


Other  test  data  described  in  literature  for  the  condensation 
of  moving  steam  on  a  vertical  surface  were  obtained  during  the 
motion  of  steam  inside  pipes  or  channels  with  an  annular  cross 
section  [23-26].  For  the  reasons  already  discussed  in  [3],  the 
average  heat  transfer  factors  obtained  with  this  do  not  allow  us 
to  Judge  the  flow  regime  of  the  conaensave  film. 
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CONDENSATION  ON  A  HORIZONTAL  PI* „ 


Various  calculated  data  for  the  case  of  the  condensation  of 
vapor  moving  downward  on  a  horizontal  pipe  in  lateral  flow  with  a 
laminar  condensate  film  are  presented  in  the  form  of  o/a  as  a 

n 

function  ;of  .the.  complex 


11 


.  rf.VHr 


represented  on  Pig.  5. 


(13) 


.Fig;  5.  Calculated  values  of 
o/ou  as  a  function  of  II  during 

the  condensation  of  water  vapor 
on  a  horizontal  pipe  (♦  =  10°C): 

1  -  According  to  [4]j  2,  3  - 
According  to  equation  (6) ; 

4,  5  -  According  to  equation  (1*0; 
6,  7  -  According  to  equation 
(15)  (a  -  when  e  *  0.42,  b  - 
when  e  •*  0.6^ ) . 

DESIGNATION:  6ap  *  bar. 


Curve  1,  taken  from  [2,  4,]  is  a  modified  function  as  a 
result  of  the  increase  in  cf  up  to  0.0085,  obtained  by  Nusselt. 
With  the  coordinate  used  in  Fig.  5  it  remains  constant  for  any 
p  and  *,  while  when  the  dependence  of  cf  on  Rep  is  taken  into 
account,  the  curves  for  various  steam  pressures  (and  temperature 
heads),  plotted  on  these  coordinates,  deviate  noticeably  from 
each  other.  This  is  indicated,  for  example,  by  curves  2  and  3  for 
pressures  of  5  and  0.5  bar,  respectively,  plotted  according  to 
and  equation  in  the  form  of  (4)  when  A  *  1.3,  n  =  1.5,  and  l  -  d, 
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which  responds  to  function  c^,  *  4  Re“0*^  [11].  Up  to  a/a  *  1.6 
these  curves  almost  agree  with  those  plotted  according  to  the 
results  of  the  solution  described  in  [10;]-,  while  at.  larger  a/a 

H 

they  are  somewhat: -higher. 

If  we  assume,  as  in  (5),  taking  into  account  the  transfer  of 
momentum  by  lateral  mass  flow,  that  *  jU^  sin  $  (where  $  is 
the  average  equivalent  angle  of  surface  slope  for  a  horizontal 
pipe),  then  instead  of  (4)  we  obtain  [3]: 

(%)*  x  OJO  Re.,  (Ga„  P  <&**(%)**  “  1  =  Q*  (14) 


According  to  equation  (14),  we  plot  curves  4  and  5  (Pig.  5), 
pertaining  to  the  same  two  pressures  and  diverging  even  more 
strongly  than  curves  2  and  3. 


In  [17],  with  the  same  method  of  accounting  for  the  effect 
of  lateral  mass  flow,  the  following  formula  is  obtained  for  the 
average  heat  transfer  factor  (when  1/Pr  K  <<  1): 

n 


l/^-x  ^ 
X  (l  -r  /l  T  l<G9y"r*?§).  . 


(15) 


For  factor  e  in  this  formula  two  values  are  given:  0.^2  for 
the  flow  of  steam  with  boundary  layer  separation  from  the  surface 
of  the  pipe  at  a  polar  angle  of  $QTp  *  82°  and  0.64  for  the 
separationless  flow  of  steam. 

In  the  basis  of  formula  (15)  lie  the  same  two  basic  relation¬ 
ships  (8)  and  (9),  just  as  in  the  case  of  formula  (7)  derivation.  * 

Based  on  the  assumption  that  the  variation  in  the  local  heat 
transfer  factor  along  the  circumference  of  a  cylinder  is  the  same 
in  various  condensation  cases,  the  author  of  the  formula  extended 
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the  relationships  (8)  ahd<  (10)  to  heat  transfer  factors  averaged 
along  the  pipe's  perimeter.  Since  this  assumption  is  not  precise, 
it  introduces  additional  error  into  the  solution.  This  also 
pertains  to  the  assumption  that  it  is  possible  to  take  into  account 
the  effect  of  the  location  of  the  boundary  layer  separation  point 
by  changing  only  the  value  of:  factor  e  in  formula  (15)  . 

As  an  argument  in  favor  of  the  validity  of  formula  (15), 
sometimes  researchers  point  to:  the  fact  that  it  satisfies  two 
limiting  cases:  when  g  *  0  it  changes  into  the  formula  for 
weightless  conditions  and  when:  *  0,  into  Nusselt's  formula  for 

motionless  steam.  This  can  not,,  however,  in  itself  serve  as 
proof  of  the  suitability  of  formula  (15)  when  .g  t  0  and  j*  0. 

In  addition,  for  the  examined  conditions  when  the  forces  of 
friction  and  , gravity  act  simultaneously,*  formula  (15)  is  valid 
only  in  one  limiting  case,  when  during  separationless  flow 

0.  This  does  not  give  sufficient  basis  for  the  statement 
that  when  >  0,  and  even  more  when  4»QTp  <  180°,  the  formula 
correctly  reflects  the  effect  of  steam  velocity  on  the  heat 
transfer  factor. 

The  tentatively,  evaluated  and  very  wide  limits  for  the 
variation  of  the  factor  e  in  formula  (15)  led  to  the  fact  that 
both  the  theoretical  and  experimental  data  obtained  by  other 
authors  fall  between  the  two  curves  answering  to  the  extreme  values 
of  e  for  the  given  conditions  (for  example,  curves  6a  and  6b  or 
7a  and  7b  on  Pig.  5).  For  this  reason  it  is  impossible  to  con¬ 
sider  as  a  conclusive  confirmation  of  the  correctness  of  formula 
(15)  the  fact  that  a  considerable  portion  of  the  test  points 
according. to  data  from  reference  [22]  lie  in  a  wide  band  between 
the  extreme  curves  plotted  according  to  this  formula.  At  the 
same  time,  in  comparing  the  calculated  and  test  data,  we  should 
be  guided  not  only  by  the  boundaries  of  the  quantitative  dis¬ 
crepancies  between  them,  but  also  by  how  much  the  theoretical 
dependence  based  on  any  model  correctly  reflects  the  regularities 
of  the  studied  process. 
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In  Pigs.  6  and  7  the  test  relationship  between  a/a  and  Re_ 

h  ri' 

for  two  series  of  tests  [22]  (series  I  when  p  =  0.47  bar,  *  *  7.4°C 
and  series  II  when  p  *  0.031  bar*  *  =  3.1°C)  are  compared  with  the 
relationships  calculated  according  to  formulas  (4),  (1-4),  and  (15). 
When  computing  Ren  according  to  test  data  as  velocity  for  a 
pipe  located  in  a  staggered  bundle,,  the  steam  velocity  here  is 
taken  in  the  narrow  section  of  the  bundle. 


Fig.  6.  Dependence  of  a/au 

on  Ren  during  the  condensation 

of  water  vapor  on  a  horizontal 
pipe  (d  *  0.019  m,  p  *  0.47  bar, 
*  =  7.4°C: 

1  -  According  to  tests  from 
[22];  2  -  According  to  equation 
[6];  3  -  According  to  equation 

[14] ;  4  -  According  to  equation 

[15]  (a  -  when  e  «  0.42,  b  - 
when  e  »  0.64). 


on  Ren  during  the  conden¬ 
sation  of  water  vapor  on  a 
horizontal  pipe  (d  *  0.019 
m,  p  -  0.031  bar,  *  «  3.1°C). 
Curve  designations  the  same 
as  in  Pig.  6. 


i 

i 

« 

I 


-i 

•> 

i 
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For  p  »  0.47  bar  and  ♦  »  7.4°C  (see  Pig.  6)  the  test  curve 
is  located> noticeably  higher  than  all  calculated  curves  and  even 
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those  beyond  the  limits  of  the  wide  band  bounded  by  curves  4a  and 
4b  plotted  according  to  formula  (i5).  Curve  4a,  representing  the 
value  s  =  0.42,  describes  the  test,  data  under  the  same  conditions 
as,  curve  3,  'plotted  according  to  formula  (14),  but  lies  con¬ 
siderably  below  it.  Moreover,  in  the  entire  region  of  ReR 
covered  by  the  tests,  curve  4a  lies  below  line  a/ct  =  1.  This 

H 

contradicts  the  basic  assumptions  of  the  author  of  formula  (15) 
and  is  an  attempt  to  coordinate  this  formula  with  test  data  from 
reference  [22]  for  other  regimes  by  changing  the  factor  e. 

For  p  =  0.031  bar  and  y  =  3.1°C  (Fig.  7)  the  calculated 
values  of  a/a-  according  to  formulas  (4)  and  (14)  are  near  the 

H  ,  « 

test  values,  while  those  calculated  according  to  formula  (15) 
when  e  =  0.64  are  higher  than  test  values  throughout  the  studied 
range  of  Ren  numbers.  Formula  (15)  when  e  =  0.42,  in  this  case, 
gives  values  a/a  <  1  for  a  rather  wide  range  of  Re  variation. 

H  II 

The  character  of  test  and  calculated  curves  when  p  *  0.031  bar 
is  also  substantially  different,  due  to  which  in  the  region  of 
higher  Ren  the  spread  between  theoretical  and  test  data  increases. 

Figures  6  and  ?;  reveal  a  substantial  spread  between  calculated 
and  test  data  with  respect  to  the  effect  on  the  heat  transfer 
factor  of  process  parameters,  especially  steam  pressure.  The 
test  curves  a/aH  *  f(Ren)  for  the  two  series  of  tests  examined, 
encompassing  approximately  the  same  range  of  ReR,  are  very  near 
each  other:  at  the  highest  Re„  s  2000  the  values  of  a/a  for 
series  II  (p  *  0.031  bar,  y  *  3.1°C)  are  only  approximately  4* 
lower  than  for  series  I  (p  a  0.4,7  bar,  ♦  *  7.4°C),  which  lies 
within  the  limits  of  experimental  accuracy.  In  contrast  to  this, 
at  the  same  ReR  and  the  same  steam  parameter  variation,  the 
calculated  values  of  a/a  according  to  all  three  theoretical 

H 

formulas  vary  substantially  and,  what  is  no  less  important,  in 
the  opposite  direction;  with  the  change  from  the  conditions  of 
test  series  I  to  the  conditions  of  test  series  II  they  grow 
approximately  50%  according  to  formulas  (4)  and  (14)  and  65* 
according  to  formula  (15). 
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Test  data  for  the  condensation  of  moving  steam  on  a  test 
pipe  in  lateral  flow  were  also  obtained  in  reference  [27],  but 
their  accuracy  is  so  low  that  it  is  impossible  to  use  them  for 
checking  theoretical  relationships. 

Conclusions 

A  comparison  of  calculated  and  test  data  for  the  heat  transfer 
factor  during  film  condensation  of  moving  saturated  steam  (in  the 
region  Reu  <  Reu  u  V  indicates  that  none  of  the  examined  theoretical 
relationships,  obtained  during  various  determinations  of  viscous 
stress  on  the  interface  of  liquid  and  vapor  phase,  correctly 
describes  the  rules  of  the  studied  process  established  experi¬ 
mentally  for  condensation  on  a  horizontal  pipe.  Available  test 
data  as  yet  are  insufficient  for  a  final  judgment  concerning  the 
suitability  of  any  of  the  proposed  process  models  or  conditions 
under  which  one  model  should  be  changed  for  another.  However, 
they,  along  with  the  data  available  on  the  flow  of  liquid  films 
during  moving  gas  phase  and  on  the  transfer  of  matter  across 
liquid  films,  lead  us  to  believe  that  the  concept  of  the  preser¬ 
vation  of  a  purely  laminar  flow  of  a  condensate  film  in  the 
presence  of  moving  steam  in  the  region  Reu  <  Re  ,  which  is  the 
foundation  of  the  examined  theoretical  relationships,  on  the  most 
part,  does  not  correspond  to  the  actual  physical  circumstances  of 
the  process.  These  data  stand  in  favor  of  the  assumption, 
expressed  in  a  number  of  VTI  works,  concerning  the  restructuring 
of  the  flow  regime  of  condensate  film  under  the  effect  of  dis¬ 
turbances  caused  by  steam  flow,  even  at  relatively  low  Reynolds 
numbers  Re  and  variations,  due  to  this  mechanism,  in  the  heat 

K  » 

transfer  across  the  film.  Preservation  of  a  purely  laminar  flow 
for  the  film  can,  obviously,  be  expected  only  in  a  relatively 
narrow  range  of  Reynolds  numbers  for  vapor  flow  for  very  viscous 
liquids  and  in  the  absence  of  other  disturbing  factors  affecting 
the  film. 
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THE  CONDENSATION  OF  VAPOR  ON 
RIBBED  SURFACES 


N.  V.  Zozulya  and  V.  A.  Karkhu: 


Designations 


x;  y  -  coordinates  of  rib  length  and 
height,  respectively,  m; 

h;  l\  6(d)  -  height,  length,  and  thickness 

(diameter)  of  rib,  respectively ,  m; 


T  *  t 


T0  "  *8 


tn  -  vapor  saturation  temperature,  °C; 

o 

t  -  rib  wall  temperature,  °C; 

tQ  -  rib  wall  temperature  of  root,  °C; 

t  -  local  temperature  drop  between  the 
temperature  of  the  vapor  and  the 
temperature  of  the  rib  wall,  °C; 

tQ  -  temperature  drop  at  rib  root,  °C; 

a  -  heat  transfer  factor  during  vapor 

2 

condensation,  W/m  *deg; 

u  -  perimeter  of  rib  cross  section,  m; 

2 

f  -  cross-sectional  area  of  rib,  m  ; 

X  -  coefficient  of  heat  conductivity  of 

*  rib,  W/m. deg; 

X  -  coefficient  of  heat  conductivity  of 

*  liquid  in  condensate  film,  W/m*deg; 

p  -  coefficient  of  dynamic  viscosity  of 

m  P 

liquid,  kg* s/m  ; 


I 
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3 

Y  -  weight  density  of  liquid,  kg/m  ; 

m 

r  -  vaporization  heat  of  liquid,  J/kg; 

Q_  •  ;  Qd  “  quantity  of  heat  removed  by  smooth 
p  p  pipe  and  ribbing,  respectively,  W; 

G-  j  G  -  weight  of  smooth  pipe  and  ribbing, 
•p  p  respectively,  kg. 

Subscripts 


b  -  vertical; 
r  -  horizontal. 


Prom  an  analysis  of  Nusselt’s  equation 


(1) 


it  is  apparent  that  the  heat  transfer  factor  during  vapor  con¬ 
densation  on  a  vertical  surface  is  considerably  reduced  with  a 
sharp  decrease  in  the  coefficient  of  heat  conductivity  in  liquid 
phase  and  the  heat  of  vaporization.  These  properties  characterize 
the  majority  of  organic  low-boiling  substances,  which  have  a 
vaporization  heat  approximately  ten  times  lower  and  a  heat  con¬ 
ductivity  coefficient  approximately  five  times  lower  than  that  of 
water.  The  intensity  of  heat  transfer  from  the  condensing  vapor 
in  the  condensers  for  such  liquids  can  be  considerably  less  than 
it  is  frotn  the  cooling  water.  In  these  cases,  it  becomes  ad¬ 
visable  to  develop  the  surface  on  the  vapor  side  by  ribbing. 


An  analysis  of  the  effectiveness  of  straight  longitudinal 
ribs  (continuous  and  discontinuous)  during  film  condensation  is 
presented  in  the  work  of  N.  V.  Zozulya  and  V.  A.  Karkhu  [1]. 

In  this  article,  this  problem  is  solved  for  wire  ribbing. 

Figure  1  shows  a  pipe  with  one  of  the  available  types  of  wire 

» 

ribbing.  Such  ribbing  is  widely  used  in  gas  heat  exchangers. 

If  this  ribbing  is  used  for  condensing  vapor,  then,  depending  upon 
the  pipe  arrangement  in  the  condenser  (horizontal  or  vertical). 
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the  ribbing  elements  can  be  arranged  in  three  characteristic 
positions  with  respect  to  the  direction  of  the  flow  of  the  conden¬ 
sate  film  formed  on  the  wire  ribbing:  vertically  upward,  hori¬ 
zontally  and  vertically  downward,  intermediate  positions  of  a 

rib  under  various  angles  of  slope 
i.i  a  a)  #  f  t)  according  to  the  direction-  of 

v  vV.. T  ’  condensate  motion  (to  or  from  the 

JL  root  of  the  rib)  can  pertain  to 
— ■ - iL,  I  one  of  the  vertical  arrangements  * 


For  finding  the  temperature 
^JV  ^  distribution  along  the  height  of 

Fig  -j.,  the  wire  rib,  we  shall  examine 

Nusselt's  equation  (1)  for  a 

vertical  plate  or  its  familiar  modification  for  a  horizontal  pipe 
and  the  differential  equation  of  heat  conductivity 


Fig.  1. 


fit  «*  r 


with  boundary  conditions: 


when  y=»0  T=*T9\ 
when  y— A 


It  should  be  noted  that  the  regularities  of  the  condensation 
process  on  such  small  surfaces  as  wire  ribbing  must  differ  some¬ 
what  from  the  results  obtained  by  Nusselt  in  solving  the  above 
problem.  Let  us  say  that  in  condensation  on  a  horizontal  thin 
wire  the  forces  of  surface  tension  will  play  a  predominant  role, 
while  in  Nusselt’s  equation  they  were  not  taken  into  account  at 
all. 

In  condensation  on  vertical  wire  elements  the  substantial 
difference  from  the  conditions  of  Nusselt’s  problem  is  the 
appearance  here  of  temperature  gradient  along  the  height  of  the 
rib,  i.e,,  along  the  path  of  motion  of  the  condensate  film. 
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The  local  heat  transfer  factor,  in  this  case,  depends  not  only  on 
the  coordinate  with  respect  to  height  and  the  temperature  at  the 
examined  point  but  also  on  the  temperature  at  all  the  points 
positioned  above.  Therefore,  we  can  say  beforehand  that  the 
solution  to  the  problem  according  to  the  diagram  taken  for  the 
rib,  cooled  from  below,  gives  a  somewhat  understated  result  with 
respect  to  the  .quantity  of  heat  removed,  while  for  a  rib  cooled 
from  above  the  result  is  somewhat  overstated.  In  the  latter  case, 
for  a  vertical  rib  with  cooling  from  above  we  do  not  take  into 
account  the  possible  runoff  of  condensate  on  the  rib  from  the 
supporting  surface,  which  would  lead  to  drenching  of  the  rib  with 
liquid  and  the  complete  loss  of  its  effectiveness  as  a  surface 
for  vapor  condensation. 


A  vertical  rib  cooled  from  b el ow.  The  differential  equation 
of  heat  conductivity  (2)  for  a  vertical  rod  of  circular  cross 
section,  cooled  from  below  (Pig.  1),  under  conditions  of  film 
condensation  of  vapor,  after  reduction  to  dimensionless  conditions 


9  — 


= — "TV.  ;yn — 


(4) 


has  the  form: 


(5) 


Turning  our  attention  to  the  decreasing  character  of  the 
temperature  gradient  toward  the  free  end  of  the  rib,  in  order  to 
facilitate  solution  of  the  problem,  the  boundary  conditions  has 
been  simplified  here  and  below  by  the  assumption  that  on  the  free 
end  of  the  rib  the  heat  transfer  factor  is  equal  to  zero,  i.e.. 


when  0  ^-=0; 
5-1  9-1. 


(6) 
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when 


Equation  (5)  with  boundary  conditions  (6)  was  integrated  by 
the  numerical1  method  on  an  electronic  computer. 

« 

The  results  of  the  integration  are  presented  in  Pig.  2.  The 
curves  of  temperature  distribution  along  the  rib  with  various 
values  for  parameter '.ma  can  be  generalized  with  sufficient 
accuracy  (±5%)  by  the  following  formula: 

8-11-0,07^(1 -V)]».  (7) 

Using  generalization  (7),  we  determine  the  amount  of  heat 
removed  by  a  single  wire  rib:. 

„  rjp>.9r* 

,  Q - -if— 4-  — 1 — (8> 

A  vertical  rib  cooled  froitr above.  With  the  coordinate  system 
used  in  Fig.  1,  the  differential  equation  of  heat  conductivity  for 
a  vertical  rib  with  cooling  from  above  has  the  same  form  as  that 
for  a  rib  cooled  from  below.  The  boundary  conditions,  according 
to  the  earlier  discussed  assumptions,  are 

when  1-0  ®«*1; 

when 

The  solution  to  equation  (5)  with  boundary  conditions  (9), 
performed  by  the  numerical  method,  is  presented  in  Pig.  3.  The 
results  of  calculating  the  temperature  gradient  along  the  rib  in 
the  region  0  <  mB  <  50  are  generalized  (within  ±531)  according 
to  the  following  formula: 

e  =  (1  -  0,06mJV'y. 


(10) 


Pig.  2. 


0  w  14  n«  0,6 1  iO 

Fig.  3. 


We  shall  calculate  the  quantity  of  heat  which  is  removed 
in  the  condensation  process  by  a  single  wire  rib  with  height  h: 


srf.y.3r„  |  o.w-rf^a**14 

4*  6 


(ID 


A  horizontal  rib.  To  solve  the  equation  of  heat  conductivity 
(2)  on  a  horizontal  element  of  wire  with  finite  length,  cooled 
at  the  root  (see  Pig.  1),  we  use  the  Nusselt  equation  for  the 
average  heat  transfer  factor  during  vapor  condensation  on  a 
horizontal  pipe: 


After  substituting  (12)  into  equation  (2)  and  changing  variables: 


(13) 


(1*0 
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with  boundary  conditions: 


when 

When 


«-*•  £=*• 


An  equation  of  .this  type  is  examined  in  Cl]  and  an  approximate 
analytical  solution  is  obtained  for  it. 

Along  with  this,  a  numerical  solution  to  equation  (14)  with 
boundary  conditions  (15)  was  obtained..  The  results  of  integration 
are  presented  in.  Fig;:  and, ;  within  ±5*  for  \  *  0-50,  can  be 

generalized  by  the  following  relationship: 

^l6) 

The  quantity  of  heat  removed  by  a  single  rib  in  the  vapor  con¬ 
densation  process  is  calculated  according  to  formula: 


n  -  /V.  ^ 


:  — j  ' 


Compared  with  the  analytical  solution  presented  in  [1],  formula 
(16)  gives  a  somewhat  understated  result  (with  respect  to  the 
quantity  of  heat  removed)  only  at  low  values  for  parameter  mr. 

When  >  5  both  solutions 
virtually  agree.  The  data  in 

— , - , - j— i  this  article  and  reference  [1] 

make  it  possible  to  conduct  a 
concrete  evaluation  of  the 
effectiveness  of  various  types 
of  ribbing  as  a  function  of  its 
working  conditions. 


:apwe 


For  example,  ribbed  pipes 
0  2V22,  1  m  high,  are  examined 
Fig*  while  arranged  vertically  in  the 

condensers.  In  [1]  a  comparison 
is  made  of  the  effectiveness  of  smooth  and  ribbed  pipes  0  2V22, 

1  m  high,  with  longitudinal  vertical  ribbing.  A  comparison  for 


tubes  of  the  same  dimensions  with  looped  wire  ribbing,  character¬ 
ized  by  the  following  data,  is  given  in  table  two: 


Spacing  of  loop  with  respect  to  height .  4  mm 

Rib  height . . . . . . . . .  10  mm 

Thickness  (diameter)  of  rib........... . .  1.0  mm 

Number  of  ribs. ... ; ................  . . . .  36 

Rib  material........ . .  Copper 


Ribbing  effectiveness  is  calculated  for  the  vapor  condensation 
conditions  of  two  substances  -  water  and  carbon  tetrachloride  - 
differing  sharply  in  their  thermophysical  properties.  Heat  trans¬ 
fer  from  a  smooth  pipe  is  accounted  for  according  to  Nusselt's 
formula.  Heat  removal  from  the  ribs  is  calculated  according  to 
formula  (17). 


Table 


Smooth  pipes 

Pipe  with  ribbing 

Working 

r. 

Q 

Q 

Q 

-2—  .  ion 

G 

matter 

kJ/kg 

kW 

kW 

Q  J-uu 

Tp 

Q  » 

Tp 

% 

% 

h2o 

2250 

47 

24 

50 

108 

CCljj 

192 

4.7 

5-9 

128 

108 

The  results  of  calculations  lead  us  to  conclude  that  if,  in 
spite  of  the  high  heat  conductivity  of  the  selected  materials, 
the  use  of  these  forms  of  ribbing  for  water  vapor  condensation 
is  not  feasible,  then  with  the  condensation  of  the  vapor  of  low- 
boiling  substances  the  use  of  ribbed  surfaces  can  give  a 
•  noticeable  effect. 
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HEAT  AND  HASS  TRANSFER  DURING 
CONDENSATION  OF  STEAM  FROM  SAT¬ 
URATED.  AIR  IN  AN  ANNULAR  DUCT 


L.  S.  Bobe,  D.  V.  Pavlov,  and 
D.  D.  Malyshev 

Designations 

“yen  "  conventional  heat-transfer  coefficient, 
W/m2*deg;  ;5' 

“kohb  “  of  convective  heatrtransfer  coefficient, 
W/m2*deg; 

2 

q„llM  -  total  thermal  load,  W/m  } 

Q  -  flow  rate,  kg/s; 

p  -  partial  pressure,  N/ra2; 

'•  *'  *  '  '  *  '  o 

PCM  -  total  pressure,  N/m- ; 

t  -  mean  temperature;  °C; 

Atfl0r  -  logarithmic  temperature  difference,  °C; 

♦  -  relative  moisture  content  of  air,  K; 
r  -  latent  heat  of  steam  generation,  J/kg; 

Cp  -  specific  heat  at  constant  pressure,  J/kg* deg; 
e„  •  p„/P„„  -  cubic  content  of  steam  in  mixture; 

Bp  -  coefficient  of  mass  output  relative  to  the 
gradient  of  partial  pressure  of  steam,  1/s; 
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Hg  -  PnPnrp/pCM  -  a  dimensionless  parameter  characterizing  the 

cross  flow  of  substance  to  the  surface  of 
condensation; 

d„  and  du  -  internal  and  outside  diameters  of  the  annular 
dUct,  m; 

-  equivalent  diameter,  m; 

3  2 
P  -  heat  and  mass  transfer  surface,  m  . 

The  remaining  designations  are  conventional. 

Subscripts 

c.  b  -  dry  air;  k  -  condensate;  n  -  steam;  rp  -  phase 
interface;  cm  -  air-steam  mixture;  1  -  input;  2  -  output; 
r  -  gas  (air). 

The  process  of  condensation  of  steam  from  an  air-steam 
mixture  is  widespread  in  chemical  technology.  The  condensation 
of  steam  from  a  mixture  with  cubic  content  of  gas  below  50-60 % 
today  is  sufficiently  comprehensively  investigated.  The  heat- 
and  mass  transfer  during  the  condensation  of  steam  from  a  mixture 
with  a  large  content  of  noncondensing  gas,  in  particular,  from 
steam-  saturated  air,  at  dewpoints  of  30-80°C  in  laminar  and 
transient  conditions  of  motion  has  been  studied  less  compre¬ 
hensively.  The  use,  in  monographs  devoted  to  air  conditioning 
Cl,  2,  3],  of  calculation  procedures  in  which  the  coefficient 
of  "dry"  heat  exchange  is  multiplied  by  the  conventional  coef¬ 
ficient  of  condensation  can  lead  to  large  errors.  The  formula 
proposed  by  T.  Khobler  [4]  also  agrees  insufficiently  with 
experimental  data,  especially  with  high  steam  contents.  The 
condensation  of  vapor  from  saturated  air  should  be  considered 
as  a  combined  process  of  heat-  and  mass  transfer;  in  this  case, 
as  shown  in  [53,  the  approximate  analogy  between  heat-  and  mass 
transfer  can  be  maintained  up  to  rather  high  steam  contents. 
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In  Zh.  P.  Sergazin  and  A.  M.  Baklastov’s  recently  published 
work  [6]  In  which  a  study  was  made  of  the  process  of  condensation 
of  an  air-steam  mixture  on  a  surface  under  conditions  of  hydro- 
dynamic  stabilized  flow,  they  have  shown  the  existence  of  an 
approximate  analogy  at  mean  temperature  of  saturated  air  up  to 
45°C. 

A  matter  of  independent  interest,  is  the  research  into  the 
effect  of  the  geometric  characteristics  of  the  annular  duct  in 
conducting  the  given  process  in  the  laminar  and  transition 
regions  of  motion  of  the  mixture.  A  great  many  work3  have  been 
devoted  to  research  on  the  effect  of  the  geometry  of  the  duct  on 
heat* and  mass  transfer,  however,  general  recommendations  for 
many  cases,  in  particular  for  the  one  being  examined  below,  are 
lacking. 

The  investigation  was  conducted  with  a  specially  designed 
laboratory  bench.  Air  free  of  oil  is  supplied  through  a  filter 
to  a  mixer  where  it  is  mixed  with  steam  entering  from  a  vaporizer. 
Prom  the  mixer,  the  air-steam  mixture  with  steam  content  de¬ 
liberately  greater  than  the  steam  content  corresponding  to 
saturation  passes  through  a  precondenser  and  a  separator  and  is 
superheated  1-2°C  in  a  heat  exchanger  and  it  enters  into  an 
experimental  condenser.  In  the  condenser,  part  of  the  vapor 
is  condensed  and  in  the  form  of  condensate  flows  through  a 
water  seal  into  a  graduated  container,  the  air  is  ejected  into 
the  atmosphere.  Water  from  the  mains  serves  as  the  coolant. 

Such  an  organization  of  the  process  ensures  saturation  of  the 
air  by  steam  at  a  temperature  in  the  separator  which  is  easily 
controlled.  An  experimental  condenser  has  been  made  out  of 
thick-walled  Plexiglas.  In  the  cylindrical  casing,  placed  be¬ 
tween  flanges  is  the  core  with  a  coil  make  of  stainless  tubing 
&  2.3  *  0.1  wound  on  it  with  a  pitch  of  2.8-3  mm,  on  the  surface 


of  which  condensation  occurs;  the  apparatus  is  arranged  hori¬ 
zontally.  In  the  condenser  provision  has  been  made  for  fittings 
for  the  insertion  of  thermocouples,  for  the  inlet  and  outlet  of 
air,  and  for  draining  the  condensate.  Apparatuses  with  the  various 
external  and  internal  diameters  of  annular  duct  and  ratio  L/d 

'  3 

were  used  as  experimental  condensers.  The  geometric  dimensions 
of  the  condensers  are  given  in  Table  1.  The  condenser,  separator, 
and  the  appropriate  communications  are  insulated  with  "parolon." 

Table  1. 


s  a 

sfi-C 
O  H 

w  a 

c 

0 

(f^t 

MM 

4. 

MM 

L, 

MM 

MM 

A 

w 

PacqetHue  ^opwy.iw 
uaccoouaiH  npM  nocromi- 
HOM  d,  £  2  ^ 

i 

18 

26 

123 

s 

0,52 

lill 

0,665 

ii 

18 

26 

290 

8 

0,41 

1.11 

0,665 

N’«Z> = 0,665  Re0,6»2,K5#f  0,4  X 

hi 

18 

39,6 

120 

12,6 

0,74 

1.41 

0,665 

<*> 

IV 

IS 

50 

110 

32' 

1,83 

2,78 

0,665 

V 

18 

50 

315 

32  ' 

1.47 

2.78 

0,665 

• 

VI 

3 

26 

290 

17 

0,66 

1.47 

0,332 

=■  0.332  Re°'*.J“e"0,4  x 

VII 

9 

50 

315 

41 

2.1 

3,63 

0,332 

KEY:  (1)  Series  No;  (2)  Design  formulas  for  mass  trans 
fer  with  constant  d0. 


The  temperature  of  air-steam  mixture  on  inlet,  outlet, 
and  inside  the  experimental  condenser,  in  the  separator,  etc., 
and  also  the  temperatures  input  and  output  of  the  coolant  on 
inlet  and  outlet  were  measured  by  copper-constantan  thermo¬ 
couples  in  a  set  with  a  PPTN-1  potentiometer  and  an  M195/3 
galvanometer.  In  the  measurement  of  the  cooling  surface  tempera¬ 
ture,  a  coil  was  used  as  the  heat-sensitive  element,  which 
served  as  a  resistance  thermometer.  The  internal  surface  of  the 
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coil  in  contact  with  the  core  Was  insulated  by  a  thin  layer  of 
polyepoxy,  grade  L-4.  To  the  ends  of  the  coil,  copper  sleeves 
were  soldered  which  were  led  out  from  the  condenser  through 
rubber  gaskets.  The  resistance  of  coiler  was  measured  by  a  direct- 
current  bridge  of  the  MO-47  type  in  a  set  with  ah  M195/3  galva¬ 
nometer.  The  flow  rate  of  the  water  coolant  was  measured  by  a 
rotameter  of  the  RS-3  type,  the  air  flow  rate  -  by  a  rheometer 
of  the  T2-80  type,  and  the  -quantity  of  condensate  -  by  the 
volumetric  method,  and  the  pressure  -  by  U-shaped  differential 
manometers  filled  with  water.  The  moisture  content  of  the  mixture 
was  regulated  by  determining  the  dew  point. 

Determination  of  experimental  coefficients  of  heat-  and 
mass  transfer  was  made  from  the  equations  usually  used  for  the 
combined  course  of  these  processes: 

9'yu  =  ~  t, f)  +  ?/'(/>.  ->„*),  (  1 ) 


where 


,0’"  ■  ’  p'  * 

In  accordance  with  the  recommendations  [73  in  determining 
“kohb  only  heat  transmitted  by  thermal  conductivity  (q  *  Xgg) 

was  considered. 

During  vapor  condensation  from  the  saturated  air-steam 
mixture  with  an  initial  temperature  no  higher  than  80-85°C, 
the  drop  in  temperature  on  the  film  of  condensate  does  not 
exceed  0.1-1°C,  therefore  the  thermal  resistance  of  the  film 
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can  be  neglected  and  it  is  possible  to  use  for  trp  the  cooling 

surface  temperature.  Only  those  experimental  results  were  used 
in  analysis,  in  which  the  agreement  of  the  thermal  load  on  the 
part  of  the  air-steam  mixture  and  on  the  part  of  the  coolant, 
and  also  the  calculated  quantity  of  condensate  with  that  obtained 
in  the  experiments  was  found  to  be  within  limits  of  5-10$. 
Temperatures  were  averaged1  according  to  the  logarithmic  law 
t0M  ='  Vp  +  At(cM-rp)log*'  As  a  controlling  linear  dimension 

the  equivalent  diameter  d-  *  d  -dn  was  used.  The  external 

surface  of  the  coil  was  taken  as  the  condensation  surface.  Since 
the  core  was  made  of  low  heat-conducting  material  and  the  contact 
of  the  coil  with  the  core  passed  through  the  heat-insulating 
varnish  (when  using  a  core  of  0  9  through  the  vinyl  chloride 

insulation)  the  error  introduced  by  this  assumption  was  slight. 
Maximum  error  in  the  experiments  is  on  the  order  of  ±15$. 

Seven  series  of  experiments  were  conducted  which  differed 

from  one  another  in  the  geometric  characteristics  of  the  duct 

and  in  limits  of  a  change  in  the  parameters .  The  pressure  in 

the  condenser  varied  in  series  I  from  1.0  •1Q-’  to  1.5*10"*  N/m2, 

5  2 

in  the  remaining  series  the  pressure  did  not  exceed  1.1* 10 J  N/m  ; 
saturation  of  the  air  in  series  I  comprised  <f>  =  88-100$,  in  the 
remaining  series  -  about  100$ j  the  rate  of  the  mixture  changed 
from  0.1*1  to  6.5  m/s,  in  so  doing,  the  Reynold's  criterion  was 
250-5000;  the  dewpoint  of  the  air  on  inlet  was  kept  at  25-80°C, 
in  so  doing,  the  average  steam  content  in  the  flow  comprised 
2-38$.  The  mean  log  temperature  difference  between  the  flow 
and  the  condensation  surface  changed  within  limits  of  3.5-43°C, 
criterion  it  =  (7-32*1)  •10"^,  the  quantity  of  condensate 

(1,7-1*15) ‘lO"0  kg/s,  thermal  load  400-16,000  W/m*",  the  experi¬ 
mental  values  of  criteria  Nu  and  NuD  comprised  3.5-95.  For  the 
purpose  of  a  change  in  the  condensation  surface  temperature, 
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the  temperature  of  the  coolant  on  Inlet  was  changed  from  3*5 
to  40°C.  In  series  I  the  flow  rate  of  coolant  varied,,  in  the 
others  -  it  was  kept  constant.  The  geometric  dimensions  of  the 
condensers  changed  within  limits  of  L/do  *  4-36  and  d  /d  * 

*  1.5-5. 5.  The  cooling  surface  temperature  was  kept  no  lower  than 
15°C,  at  lower  values  the  experimental  data  were  not  described 
by  the  dependences  proposed  below.  This  case  requires  special 
examination. 

Figure  1  depicts  (for  series  IV  of  the  experiments)  the 
dependence  of  the  conditional  total  heat-transfer  coefficient 

J7f  ym 

a>c.i~  *^”7^  the  mean  temperature  of  saturation  of  the  mixture 

and  air  velocity  in  the  condenser.  As  can  be  seen  from  the  figure, 
the  total  heat-transfer  coefficient  with  the  same  flow  rate 
was  the  higher,  the  higher  the  moisture  content  of  the  air,  and 
at  one  and  the  same  moisture  content  was  the  higher,  the  greater 
the  flow  rate.  Examination  of  the  dependences  for  aycj)  gives 
only  a  qualitative  picture  of  the  process.  For  development  of 
the  calculation  procedure  it  is  necessary  to  examine  the 
general  dependences  for  heat-  and  mass  transfer.  Further 
interpretation  of  the  experiments  was  conducted  using  the  crlterial 
equations  proposed  by  L,.  D.  Berman  for  Jointly  proceeding 
processes  of  heat-  and  mass  transfer  [5].  Since  only  one  mixture 
was  investigated,  the  relationship  of  the  physical  constants 
of  the  components  was  a  constant  value,  and  that  of  criterion 
PrD  also  changed  insignificantly  (0.57-0.59).  For  saturated  air 

with  a  saturation  temperature  up  to  85-90°C,  the  value  of  gas 
content  e  is  close  to  one,  therefore  in  the  interpretation  of 

pn 

the  experiments  a  value  of  vapor  content  e  *  5 -  was  used, 

rcM 

more  accurately  describing  the  process  being  investigated.  For 
each  series  of  experiments,  the  experimental  data  on  mass  transfer 
were  processed  according  to  the  equation: 

NUfl'-yiRCe/V.  (2) 
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Fig.  1.  Dependence  of  the  conven¬ 
tional  heat-transfer  coefficient 
(dyon-)  on  average  vapor  content  of 
mixture  (en  f):-'  0  -  Re  *  320; 

x  -  Re  -  1000;  A  -  Re  »  2200. 

KEY:  (1)  kcal/m2*h,0C. 

By  means  of  successive  correlations,  using  the  method  of  least 
squares  exponents  with  Re,  ir^  and  en  and  the  value  of  preexponent 
A  for  all  the  series  of  experiments  were  determined.  The  ex¬ 
ponents  comprised  n  «  0.6;  m  ■  -0.4;  s  =  Values 

of  preexponent  A  for  equation  (2)  are  given  in  Table  1.  The 
value  of  the  preexponent,  as  one  would  expect,  proved  different 
for  different  geometry  of  the  duct.  For  short  ducts  of  annular 
form,  the  relationships  of  the  length  of  the  duct,  the  equivalent 
diameter,  and  also  the  external  and  internal  diameters  of  the 
annulus  are  important.  By  introducing  into  the  dependence  the 
relationships  of  the  geometric  dimensions  of  the  duct  (d  /L)  *J 

cv 

d  i  li 

and  was  P°ssible  bring  together  in  one  dependence 

ae 

all  the  experiments  conducted  ac  one  and  the  same  internal  diameter. 
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Calculation  formulas  for  mass  transfer  are  given  In  Table  1.  It 

is  easy  to  s  ee  that  the  values  of  the  preexporienfc  are  proportional 

to  the  relationship  of  the  Internal  diameters  of  the  annular 

duct,  IFigure  2  presents  the  data  on  mass  transfer.  Equations 

(  3)-(h)  have  been  reduced  on  a  graph  to  one  dependence  by  means 

of  mult  replication  by  the  ratio  (d  /I8*i0“^) . 

0 


A  -  series  Ij  □  -  series  II;  •  -  series  III}  x  — 
series  IV}  O  -  series  V;  0  -  series  VI}  ■  -  series 
VII  - 


The*  value  of  the  preexponent  in  this  case  comprised  0.665. 

In.  the  future  it  is  proposed  to  conduct  a  special  investigation 

and  to  eliminate  the  numerical  parameter  d. , 

0 
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Experimental  data  on  heat  exchange  and  mass  transfer  for 
series  IV  of  the  experiments  processed  in  the  form  of  dependences 
Nu  *  f(Re)  and  NuD  =  f(Re)  up  to„ayerige  vapor  contents  of  8-9% 
are  given  in  Pig.  3.  Here  the  results  have  been  represented  of 
experiments  in  the  heat  exchange  with  dry  air  in  the  form  of  the 
dependence  Nu  *  f(Re).  With  a  moisture  content  of  the  air  of 
more  than  8-9%  (saturation  temperature  above  48-50°C)  approximate 
analogy  between  heat-  and  mass  transfer  is  disturbed  and  the 
experimental  points  are  not  described  by  the  dependence  given  in 
Pig.  3.  The  use  during  treatment  of  the  criterion  Ar  did  not 
lead  to  a  significant  decrease  in  the  spread  of  the  experimental 
data. 


Fig.  3.  Dependence  of  Nu  and  NuD  on  Re  with 
low  vapor  contents  (en  <  9%): 

■  -  mass  transfer;  •  -  heat  exchange;  0  -  heat 
exchange  with  dry  air. 
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The  best  approximation  was  obtained  with  treatment  of  the 
experiments  in  heat  exchange  in  the  form  of  dependence  (2).  Tho 
results  of  the  treatment  of  the  experiments  are  given  in  Table  2.. 
In  the  treatment  of  the  experiments  the  exponents  with  complexes 
n-  and  e  proved  to  be  equal  respectively  to  minus  0.7  and  plus 

o  1 

0  7 

0.7,  i.e.,  complex  (Ap^/p  )•  '  entered  into  the  equation.  For 

the  purpose  of  extending  the  obtained  dependence  to  the  heat 
exchange  with  dry  air,  the  experimental  data  were  treated  depend¬ 
ing  on  the  value  (1  -  Apn/pn).,  the  exponent  in  proved  to  be 

equal  to  0.5.  Just  as  in  the  case  of  mass  transfer,  all  the  data 

for  one  and  the  same  internal  diameter  of  duct  were  reduced  to 

0  3 

one  dependence  with  the  aid  of  geometric  factors  (d3/L)  and 
1  4 

(d  /d  )  *  .  The  values  of  the  preexponent  in  dependences  ( 5) — ( 6 ) 

also  proved  to  be  proportional  to  the  internal  diameter  of  the 
annular  duct.  Figure  4  gives  the  data  on  beat  exchange  processed 
in  the  form  of  equation  (5)- (6)  and  reduced  to  one  dependence  by 
means  of  multiplication  by  (d/lS’lO"^ .  Here  the  data  have  been 

plotted  on  heat  exchange  from  dry  air,  the  value  of  the  pre¬ 
exponent  was  0.16. 

In  this  way,  it  was  possible  to  describe  the  coefficients 
of  heat  and  mass  transfer  during  the  condensation  of  steam 
from  saturated  air  in  short  annular  ducts  with  uneven  internal 
surface  with  Re  »  250-5000  by  single  dependences  for  laminar 
and  transition  regions  of  flow  of  the  mixture. 

The  obtained  generalized  formulas  are,  within  the  investi¬ 
gated  limits,  sufficiently  precise  and  can  be  used  for  conducting 
heat  engineering  calculations . 


Table  2. 


KEY:  (1)  Series  No.  of  experiments;  (2)  Design  equations 
for  convective  heat  exchange  with  constant  d0;  (3)  Heat 
exchange  with  dry  air. 


Nu 


Pig.  4.  Generalization  of  results  on  heat  exchange:  A  -  series  I 
□  -  series  II;  •  -  series  III;  x  -  series  IV;  O  -  series  V; 

0  -  series  VI;  ■  -  series  VII;  ft  -  heat  exchange  with  dry  air. 
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EXPERIMENTAL  STUDY  OF  HEAT  EXCHANGE 
IN  DROPWISE  CONDENSATION  OF  STEAM 
WITH  THE  USE  OF  HIGH-SPEED  FILMING 

P.  P.  Vlasov 

In  recuperative  heat  exchange  apparatuses  which  use  the 
steam  being  condensed  as  the  warming  heat-transfer  agent,  two  forms 
of  removal  of  the  condensate  from  the  condensation  surface 
are  possible:  in  the  form  of  a  continuous  film  -  filmwise 
condensation  and  in  the  form  of  drops  -  dropwise  condensation. 

The  intensity  of  the  transfer  of  heat  during  dropwise  condensa¬ 
tion  is  significantly  higher  than  in  filmwise.  The  productivity 
of  the  apparatus,  other  conditions  being  equal,  depends  upon 
the  heat-transfer  coefficient.  Therefore,  with  high  values 
of  the  heat-transfer  coefficient  on  the  part  of  the  cooling  agent 
and  low  thermal  resistance  of  wall,  artificial  conversion  of 
filmwise  condensation  into  dropwise  will  substantially  raise  the 
productivity  of  the  heat  exchanger.  Usually,  in  industrial 
heat  exchangers  filmwise  condensation  occurs,  since  all  metals 
are  well  wet  with  water.  To  obtain  dropwise  condensation  it  is 
necessary  to  create  a  water-repellent  layer  on  the  heat  exchange 
surface  with  the  aid  of  an  appropriate  hydrophobizing  agent. 

The  period  of  action  of  the  liquid  hydrophobizing  agent  is 
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short  and  at  best  comprises  a  few  hours  [1].  Coating  with  a 
silicon  varnish  is  more  long-lasting.  However,  in  so  doing,  the 
thermal  resistances  appearing  even  with  the  minimum  possible 
thickness  of  coating  are  very  considerable  [2].  In  [33  there 
is  a  report  on  the  introduction  into  a  closed  loop  of  an  experi¬ 
mental  installation  of  copper  oleate  in  the  amount  of  50  mg/1, 
which  made  it  possible  to  maintain  a  dropwise  condensation  about 
10,000  h. 

In  this  study  an  extract  of  the  third  fraction  of  petroleum 
was  used  as  a  hydrophobizing  agent  which  in  the  amount  of  1-2  mg/1 
produced  a  steady  dropwise  condensation.  Moreover,  for  maintaining 
a  good  hydrophobic  action,  the  necessary  concentration  is  approxi¬ 
mately  ten  times  less.  For  investigating  heat  exchange  during 
dropwise  condensation  an  installation  was  used  in  which  the  cool¬ 
ing  of  the  condensation  surface  was  accomplished  owing  to  the 
boiling  of  the  liquid  coolant  (acetone,  benzene,  water). 

The  condensation  surface  consisted  of  a  copper  disk  0  92  mm, 
on  which  an  experimental  section  55  *  55  mm  was  separated.  The 
remaining  part  of  the  disk  served  as  a  protective  zone.  For 
visual  control  of  the  process  a  sight  glass  made  of  stalinite 
was  used.  The  saturation  temperature  was  maintained  automatically 
by  adjustable  electric  heaters  with  deviations  of  not  more  than 
±0,1°C.  On  the  installation  there  were  obtained  experimental 
dependences  of  the  specific  heat  flow  on  the  difference  tempera¬ 
ture  in  between  the  saturated  vapor  and  condensation  surface 
for  pressures  of  p  »  1,  3*  and  5.2  atm(abs).  The  maximum  heat 
flows  reached  were  q  »  10°  W/m2.  The  filming  conducted  with  a 
frequency  of  600  frames/s  and  with  an  enlargement  on  the  nega¬ 
tive  of  1:1  showed  that  the  rate  of  the  flowing  drops  depends 
upon  the  diameter  of  the  drops. 

Research  was  conducted  in  parallel  on  the  mechanism  for 
formation  and  growth  of  drops  during  dropwise  condensation. 
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Figure  1  presents  a  diagram  of  the  installation.  Steam  from  the 
flask  at  a  pressure  close  to  atmospheric  entered  condenser  5» 
where  it  condensed  on  hydrophobic  surface  3  with  0  20  mm.  As 
the  condensation  surface  plexiglas  and  glass  was  used,  coated 
with  silicon  varnish  with  a  thickness  of  0.15-0.30  mm.  Cooling 
of  the  condenser  was  accomplished  by  water  with  constant  tempera¬ 
ture  and  a  pressure  head  from  tank  6.  The  process  of  dropwise 
condensation  was  recorded  by  a  high-speed  movie  camera  1  hooked 
up  with  a  biological  microscope  2.  Photographing  was  conducted 
in  transmitted  light  with  a  frequency  of  250-600  fraraes/s. 

Fig.  1.  Schematic  diagram  of 
the  experimental  Installation: 

1  -  high-speed  movie  camera; 

2  -  microscope;  3  -  condensa¬ 
tion  surface;  4  -  illuminator; 

5  -  condenser;  6  -  tank. 

KEY:  (1)  Coolant  water;  (2) 
Steam;  (3)  Condensate. 


It  is  known,  that  the  resolution  of  a  microscope  is  deter¬ 
mined  by  the  objective  selected  lens,  while  the  eyepiece  only 
increases  the  obtained  image  without  adding  new  parts  of  the 
object  in  question.  Moreover,  the  higher  the  resolving  power 
of  the  objective  lens,  the  less  the  distance  from  it  to  the 
object  in  question.  For  example,  if  for  an  8X  objective  the 
free  distance  1*9  mm,  then  for  4ox,  Z  ^  0.6  mm.  In  connection 
with  this,  during  the  photographing  of  the  process  of  dropwise 
condensation  in  transmitted  light  the  maximum  resolution  is 
determined  by  the  structural  dimensions  of  the  condenser,  and 


not  by  the  dimensions  of  the  observed  drops,  as  in  photographing 
in  reflected  light.  Therefore  a  possibility  is  created  without 
interrupting  the  process,  to  record  it  at  any  moment  of  the 
time  under  high  magnification. 

The  cooling  regime  could  be  changed  by  controlling  the 
temperature  or  flow  rate  of  the  water  coolant.  With  a  constant 
cooling  regime  photographing  of  the  process  of  the  dropwise 
condensation  with  one  objective  was  performed,  then  after 
reloading  the  movie  camera,  without  changing  the  cooling 
regime,  -  with  another  objective.  Photographing  with  other 
regimes  was  performed  in  similar  manner. 

After  the  movie  films  were  processed,  the  following  picture 
of  the  formation  and  growth  of  drops  during  dropwise  condensation 
was  revealed.  A  drop,  achieving  separation  size,  flows  down 
by  gravity.  Then,  in  the  field  of  view  of  the  microscope,  after 
a  certain  time,  fine  drops  appear  which,  increasing  in  dimension, 
come  into  contact  with  each  other  and  are  united.  Part  of  the 
surface,  in  this  case,  is  freed,  and  on  it,  in  turn,  fine  drops 
appear.  The  process  is  continued  until  a  united  drop  does  not 
achieve  separating  size,  after  which  the  cycle  is  repeated.  A 
drop  of  separating  size,  in  moving  over  the  vertical  surface, 
picks  up  all  the  drops  which  are  encountered  on  the  way,  and  the 
width  of  the  track  increases.  Due  to  the  mutual  superposition 
of  the  tracks  from  the  moving  drops  there  occurs  distribution 
in  the  dimensions  of  the  growing  drops  over  the  height  of  the 
cooling  surface.  In  so  doing,  only  in  the  upper  part  does  the 
size  of  the  drops  reach  separation  diameter,  decreasing  downward 
in  a  vertical  line. 

In  [3]  the  assumption  is  expressed  regarding  the  presence 
of  a  layer  between  drops,  whereby  the  time  from  the  departure 
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of  a  drop  from  the  frame  until  the  appearance  in  this  place  of 
new  fine  drops  is  considered  to  be  the  critical  lifetime  of 
the  layer,  by  which  its  thickness  is  determined.  However,  it 
turned  out  that  this  time  depends  upon  the  resolving  power  of 
the  objective.  For  example,  during  a  constant  cooling  regime, 
the  condensation  surface  which  is  represented  for  an  8  objective 
free  of  drops,  for  a  21*  objective  will  already  be  coated  by 
growing  drops  of  a  different  size.  Therefore,  up  to  dimensions 
determined  by  the  wavelength  of  visible  light,  which  corresponds 
to  maximum  resolution  of  optical  systems,  there  are  no  founda¬ 
tions  for  proposing  the  presence  of  a  polymolecular  layer 
between  drops.  Umur  and  Griffith's  experimental  data  [4] ,  who 
used  elliptical  polarization  of  light  to  determine  the  thickness 
of  the  layer  between  drops  attest  to  the  absence  of  a  layer 
greater  than  one  molecule  in  thickness. 

From  the  photos  obtained  from  the  films  the  quantity  of 
heat  per  unit  of  surface  was  determined  for  time  x  under  the 

assumption  that  a  90°  contact  angle  and  the  condensate  have  a 
saturation  temperature.  As  a  time  reference  point  there  was 
taken  the  moment  of  departure  of  a  drop  of  separation  size 
covering  the  entire  frame  from  the  field  of  view  under  the  action 
of  gravity.  The  error  in  this  case  did  not  exceed  a  time  of 
1-2  frames .  Then 
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where  ZV ^  -  the  total  volume  of  drops  on  the  photo;  L  -  latent 
heat  of  steam  generation;  y^  -  the  specific  gravity  of  the 
condensate;  F  -  the  condensation  surface  on  the  photo;  n  -  the 
optical  enlargement  on  the  photo. 


i*31 


rr!3»*P»Jra»>*r*r' 


In  this  study  for  research  on  drop  growth  we  used  objectives 

XX  X 

8  ,  21  with  water  cooling,  and  40  with  air  cooling  of  the  con¬ 
denser.  In  order  to  determine  the  actual  magnification  in  the 
optical  system,  in  each  case  were  conducted  the  photographs 
were  made  of  the  gauges . 


Figure  2  depicts  the  dependence  ^  =  f(x)  for  different 

cooling  regimes.  From  the  graph  it  is  evident  that  the  specific 
heat  flow 


for  a  constant  cooling  regime,  i.e.,  when  At  *  [const]  (nocr), 
has  a  constant  value. 

In  [5]  there  are  experimental  data  on  drop  growth  during 
dropwise  condensation  under  conditions  of  slight  underheating 
of  the  wall.  The  condensation  surface  was  photographed  under 
the  microscope  at  convenient  time  intervals.  Results  were 
represented  graphically  in  the  form  of  the  dependence  of  the 
square  of  the  diameter  on  the  time  of  drop  growth.  In  so  doing, 
all  points  relating  to  one  and  the  same  growing  drop  are 
arranged  along  a  straight  line,  but  the  slope  angles  of  straight 
lines  are  different:  for  large  sise  drops  the  slope  angle  is 
greater.  If  we  present  McCormick  and  Baer’s  experimental  data 
in  the  form  D  =  f(t)  (Fig.  3a),  then  all  the  straight  lines 
will  have  an  identical  slope  angle.  From  (1)  it  is  evident  that 
the  value  ^  in  the  corresponding  scale  is  an  averaged  diameter 
of  growing  drops.  In  this  way,  the  McCormick  and  Baer's  data 
also  attest  to  the  independence  of  specific  heat  flow  from 
dimensions  of  the  drops. 

From  the  mechanism  of  drop  growth  it  follows  that  the 
drops,  in  coming  into  contact  with  each  other,  are  united. 
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Pig.  2.  Dependence  of  the  specific  quan¬ 
tity  of  heat  being  transferred  by  the  con¬ 
densation  surface  on  the  time  of  drop  growth: 

□  ,  O,  A  -  8X  objective;  ■,  O,  &  -  21* 
objective;  A  -  40*  objective.  ~ 

KEY:  (1)  Specific  quantity  of  heat  Q/F*10  , 

J/m2.  (2)  Time,  T’lO1*,  h. 


In  so  doing,  their  size  suddenly  changes.  Then  growth  again 
follows,  etc.  If  one  assumes  that  the  smallest  drop  in  Pig.  3a 
grew  without  blending  from  a  nucleus,  whose  magnitude  is  deter¬ 
mined  by  the  Thompson  relationship,  then  it  is  possible,  having 
shifted  all  the  points  along  the  time  axis  up  to  combination, 
to  obtain  a  straight  line  (see  Pig.  3b),  which  represents  drop 
growth  without  blending.  In  this  case,  for  x  »  0  we  obtain  the 


b) 


Pig.  3.  Correlation  of  McCormick  and  Baer’s  ex 
perimental  data. 

KEY:  (1)  Specific  quantity  of  heat  Q/P*10“3> 
J/m2;  (2)  Time  x,  min. 


dimension  of  the  nucleus  from  which  it  is  possible  to  determine 
the  supercooling  of  the  wall: 


(2)[sic] 


where  Tg  and  TQ  -  respectively,  absolute  temperatures  of  saturated 
vapor  at  the  given  vapor  pressure  and  surface  of  the  nucleus; 
o,  L,  y  --  coefficient  of  surface  tension,  latent  heat  of  phase 

m 

transition,  and  specific  weight  of  the  liquid  phase;  p  -  the 

critical  (smallest  possible)  radius  of  curvature  of  the  phase 
boundary. 
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QUESTIONS  OF  THE  CONDENSATION  OF 
VAPORS  OF  ALKALI  METALS 

B.  L.  Paskar’  and  N.  N.  Koehurova 

Research  on  heat  exchange  during  condensation  of  metal  vapors 
is  a  new  field  in  thermophysical  studies.  The  first  works  in 
this  direction  showed  that  the  process  of  heat  exchange  during 
the  condensation  of  metal  vapors  reveals  a  number  of  features 
which  are  exhibited  in  a  considerable  deviation  of  experimental 
heat-transfer  coefficients  from  those  calculated  in  Nusselt's 
theory  (with  the  necessary  corrections). 

During  the  condensation  of  the  vapors  of  metals,  a  deter¬ 
mining  role  in  the  total  sum  of  thermal  resistances  is  played  by 
thermal  resistance  of  phase  transition  [1]: 


*♦  ~  2 ^7  <r  -  HU  ( i  > 


where 

f  -  the  coefficient  of  condensation;  M  -  molecular  weight; 

R  -  gas  content;  r  -  the  heat  of  vaporization;  cp  -  heat  capacity; 
T” ,  p",  T’ ,  p’  -  temperature  and  corresponding  saturation 
pressures  of  the  vapor  and  condensate  respectively. 
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All  the  features  of  the  process  of  heat  exchange  during  the 
condensation  of  metal  vapors  are  caused  by  the  thermal  resistance 
of  phase  transition.  The  difficulty  in  determining  the  thermal 
resistance  of  the  phase  transition  to  a  considerable  degree  is 
connected  with  the  indeterminate  form  of  the  coefficient  of 
condensation  f. 

Usually,  the  condensation  coefficient  is  determined  according 
to  formula  (1)  [2,  3,  5»  6,  8],  using  experimental  data  in 
respect  to  thermal  conductivity  In-  this  way,  the  determined 

coefficient  f  includes  all  the  unknown  features  of  thermal  re- 
.-'eistance  p|*\phase  transition  and  bears  the  character  of  the 
empirical  proportionality  factor  in  formula  (1). 

In  order  to  investigate  the  features  of  heat  exchange  during 
the  condensation  of  metal  vapors  and  to  determine  the  true  value 
of  the  coefficient  of  condensation,  it  is  necessary  to  examine 
in  detail  the  effect  of  the  hydrodynamics  of  the  process,  the 
possibility  of  the  presence  of  noncondensing  gases  and  their 
role  during  heat  exchange,  the  surface  condition  of  the  con¬ 
densate,  its  purity,  etc. 

We  conducted  experiments  in  the  condensation  of  the  vapors 
of  potassium  in  a  vertical  tube  (Pig.  1).  The  length  of  the 
cooled  section  of  tube  was  247  mm,  the  internal  diameter  4o  mm. 
Outside,  according  to  the  diagram  of  countercurrent,  the  tube  was 
cooled  by  an  NaK  alloy.  The  potassium  vapor  was  fed  into  the 
tube  from  the  top.  To  increase  the  accuracy  of  measurement 
of  the  wall  temperature  during  high  heat  flows  between  the  tube 
in  which  condensation  was  accomplished,  and  the  cooling  case 
a  copper  lining  was  made  with  capillaries  for  thermocouples. 

Along  the  axis  of  the  tube  from  below  the  Junctions  of  the 
thermocouples  are  brought  in  for  measurement  of  vapor  tempera¬ 
ture  along  the  length. 
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Besides  the  measurement  of  wall  and  vapor  temperature 
along  the  length  of  the  tube,  measurement  of  the  temperature 
of  the  potassium  vapor  In  the  inlet  branch  pipes  was  made,  and  also 
the  temperatures  of  the  NaK  on  inlet  and  outlet  from  the  tube; 
pressure  was  measured  (on  potassium)  on  inlet  and  outlet  from  the 
tube.  Chromel-Alumel  thermocouples  in  hermetically  sealed 
stainless  capillaries  with  external  diameter  of  0.8  mm  were  used 
for  measurement  of  the  temperature. 

Experiments  were  conducted  during  partial  vapor  condensation 
in  the  experimental  condenser  in  the  range  of  change  in  the 
temperature  of  potassium  vapor  op  inlet  of  520-720°C,  the 
temperature  of  NaK  of  380-530°C,  and  heat  flows  of  3. 40 *10 
-10.4Q-105  kcal/m2*h. 

The  basic  problem  in  the  formulated  experiments  was  the 
obtaining  of  experimental  data  during  condensation  of  vapors 
without  the  admixture  of  noncondensing  gases.  Before  beginning 
the  experiment,  the  hermetic  seal  of  the  installation  was 
thoroughly  checked.  For  5-6  hours  at  low  temperature  in  the 
circuit  (to  400°C)  vacuuming  of  the  entire  circuit  was  performed. 
Then  the  vacuuming  came  to  a  halt.  In  the  circuit  they  gradually 
raised  the  temperature  and  set  the  assigned  conditions.  A 
set  of  experiments  was  conducted  under  continuous  vacuuming  of 
the  condenser  (and  the  entire  circuit)  while  operating  in  the 
assigned  conditions.  Heat  transfer  in  both  series  of  experiments 
was  the  same.  This  was  the  experiment  conducted.  After  operating 
at  the  assigned  condition  with  continuous  vacuuming  the  vacuum 
pump  was  disconnected.  A  check  was  made  as  to  whether,  heat 
transfer  would  change  in  the  course  of  time  after  disconnection 
of  the  vacuum  pump  (during  'MO  h).  Heat  transfer  did  not  change. 

Continuous  removal  of  possible  noncondensing  gases  did  not 
affect  heat  transfer.  Consequently,  there  were  none  in  the 
condenser. 
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The  supplying  of  noncondensing  argon  gas  to  the  circuit 
sharply  lowered  the  rate  of  heat  transfer. 


The  conducted  measurements  of  heat  transfer  made  it  possible 
to  calculate  coefficient  f  in  formula  (1).  Figure  2  gives  the  cal¬ 
culated  values  in  the  various  series  of  experiments:  with 
continuous- vacuuming}  only  with  preliminary,  but  without  contin¬ 
uous  vacuuming;  with  noncondensing  argon  gas.  The  first  two 
series  of  Experiments  coincide.  Values  of  f  in  the  experiments 
with  gas  lie  considerably  lower  than  in  the  others.  This  figure 
also  gives  values  of  coefficient  f  obtained  by  using  formula 
(1)  from  experiments  in  heat  transfer  made  by  various  authors 
[2,  3,  5,  6,  7,  8].  From  Fig.  2  it  is  evident  that  a  drop 

in  coefficient  f  is  observed  with  an  increase  in  the  pressure 
of  the  condensing  vapors. 

Further  experimental  and  theoretical  Investigations  will 
make  it  possible  to  explain  the  causes  for  the  experimental 
dependences  obtained. 

BIBLIOGRAPHY 


1.  Kyeepoe  P.  PmctuMas  JJ.  9-  X  aonpocy  08  Rsuepewui  ko*M>* 
micHT*  KOHitHciuNM.  JJAH  CCCP,  I960,  t.  133,  ft  a  0  nupoAEKHMUHtcxttx  rpiHiwmx 
yc.ioaitex  npu  Hcnapemw  a  Kcsitucauiui.  X3TC,  t  JUT,  awn.  1(7),  IW. 

2.  B.  Misra,  C.  P.  Bonilla.  Heat  tramfar  In  we  condensation  of  metal 
vapor:  mercury  and  aodium  up  ta  atmstpherlc  pressure.  Chem.  Engng.  Prof.  Synt, 
Ser.  It,  62(7),  p.  7-41, 1966. 

i.  A.viiua  H.  T.  h  .ip.  Aetna*  ua  34  McauyMpoAuo9  Kox^epemuu  no  tpn* 
nooCnwy.  Huxaro,  W.MMHoflc,  urycr,  1906.  Ton  II,  crp.  313-317.  TcpMUuacxoa  conpo* 
TUU.1CHHC  4>asoaoro  nepexoja  npu  KotueucmuM  nanutsoro  tape. 

4.  CytOoTun  B.  H.  u  if.  cTcnno^asaRa  swcoaux  nuntparypa,  1964,  M  4, 
crp.  616. 

5.  Jlatynn^a  A-  A.,  CnupHoa  C.  H.  TeruoodMcu  npu  xomeucauKH  Keane* 
aoro  napa.  A«tna.i  ua  34  MexcjyHapoj^  KOH^peamut  no  lanaowKcuy.  <toaro,  Ham* 
Hoftc,  asrycr,  1966.  Tom  II,  crp.  329-336.  Tcanooraaea  up*  Komeucauuu  napoa  jkkaxjcx 
utrannoe. 

6.  R.  E.  Barry,  R.  E.  Balihlaer.  Condensation  of  Sodium  at  High  Heat 
Fluxes.  Proceedings  of  3rd  Int.  Heat  Transfer  Coni.,  v.  2,  p.  316—323.  Chicago,  i960. 

7.  S.  Sukhatnie.  W.  M.  Rohsenov.  Film  conderoatioa  of  a  liouTd  metal. 
AS.ME  Journal  of  Heat  Transfer,  a.  C,  v.  99,  p.  19-29, 1996. 

9.0.  G.  Kroger,  \V.  M.  Rohsenow.  Him  condensation  of  saturated 
potassium  vapour.  Int.  J.  of  Heat  and  Maas  Transfer,  v.  10,  p.  1691—1093,  Dae.  1967. 


4U0 


9 


GENERALIZATION  OF  EXPERIMENTAL  DATA 
ON  HEAT  TRANSFER  DURING  CONDENSATION 
VAPOR  OF  MOVING  INSIDE  HORIZONTAL 
DUCTS  UNDER  CONDITIONS  OF  LOW  AND 
MODERATE  VELOCITIES 

D.  I.  Volkov 

Designations 

a  -  coefficient  of  heat-transfer  from  the  vapor 
to  the  wall  of  the  duct; 
q  -  thermal  load  of  condensation  surface; 

6  -  depth  of  placement  of  the  hot  Junction  of  the 
thermocouple  in  the  wall  of  the  duct; 
r  -  heat  of  vaporization; 

v,  «,  p,  y  -  coefficients  of  thermal  conductivity,  kinematic 

viscosity,  thermal  diffusivity,  dynamic  viscosity, 
and  specific  gravity  respectively; 
g  -  acceleration  due  to  gravity; 
w  -  phase  momentum; 

e  -  relative  evaporation  on  outlet  from  the  zone 
of  condensation,  i.e.,  relationship  of  the  mass 
flow  rates  of'  vapor  in  sections  x  ■  L  and  x  «*  0; 

Nu  «  p-  -  Nusselt’s  criterion; 
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Re  *  -  Reynolds,  number  of  film  of  condensate  at  the  end 

of  the  condensation  surface; 

V  ^ 

Pr  *  -  Prandtl  number  of  the  condensate ; 

Qa  ■  -■%&-*  -  Galileo**  criterion; 

(v*)2 

ot  -  wall; 

’(prime)  -  the  value,  pertains  to  the  liquid  phase; 

” (double 

primes)  -  to  the  vapor  phase* 

Contemporary  thermal-power- engineering,  both  stationary 
and  transport,  needs  precise  oglculatiqn  Qf  the  heat  surfaces 
of  heat  exchange  apparatuses  with  condensation  of  a  vapor 
moving  inside  horisontal  ducts. 

Heat  transfer  during  the  condensation  of  vapors  of  various 
substances  inside  single  horisontal  duots  has  been  Investigated 
in  references  [1-6,  10]. 

However,  these  studies  do  not  express  a  unity  of  opinion 
in  relation  to  the  calculation  recommendations  for  the  coef¬ 
ficient  of  heat-transfer  during  condensation  of  vapor  with 
pressure  p  ■  2-25  atm(a)  inside  horisontal  ducts  under  con¬ 
ditions  of  average  and  high  thermal  loads  (q  «  50 ‘103- 
800 *10 3  kcal/m2,h) . 

The  analytical  study  of  the  question  made  in  [7]  cannot 
serve  a3  a  basis  for  engineering  calculations.  In  connection 
with  this,  the  author  conducted  a  special  study  of  heat  trans¬ 
fer  during  condensation  of  steam  with  p  «  1.3-25  atm(a)  inside 
four  horisontal  ducts  with  internal  diameter  d  ■  17.24  and  35  mm, 
with  length  L  ■  2.6  and  3.1  m,  made  of  various  materials. 

The  study  was  conducted  on  two  installations  specially  de¬ 
signed  for  this  purpose.  A  schematic  diagram  of  both  test  in¬ 
stallations  is  given  in  [8]. 


The  installations  made  it  possible  to  study  ducts  of 
various  diameter  and  various  length  over  a  wide  range  of  change 
in  the  regime  parameters.  The  investigated  range  of  parameters 
and  the  basic  characteristics  of  the  experimental  ducts  are 
given  in  the  table  below. 


Table.  Characteristics  of  experimental  duets  and  basic  parameters 
of  experiments  in  the  condensation  of  steam  inside  horizontal 
ducts . 


Duct 

mater¬ 

ial 

Dimensions  of  test 
section 

Pressure 
of  con¬ 
densing 
steam  p, 
atm(a) 

Thermal 
load  q. 
kcal/m2*h 

Velocity 
of  steam 
on  inlet 
to  duct, 

VI  « 

W1  » 

m/s 

Mas 8  flow 
rate  of 
steam  on  in 
let  to  duct 
w,  "  y  "  , 

kg/nr  *  s 

d,  d 

*  H 

mm 

L, 

m 

First  stage  experiments  (low  pressure  ii 

sstallabi' 

?n) 

Brass 

35/42 

2.6 

1. 3-7.3 

17-103-. 

1.5-66 

3-132 

786-1Q3 

Copper 

24/32 

2.6 

1. 3-9.3 

16*103-  „ 

1160 *103 

2-145 

4-290 

Steel 

10 

17/22 

2.6 

1. 5-7.0 

18*103- 

362*103 

3-63 

6-126 

Second  stage  experiments  (raised  pressure  installation) 


Copper 

24/32 

3.1 

5-25 

100 *103- 

1  1100* 103 

13-167 

In  the  experiments  saturated  steam  was  used  with  pressure 
p  *  7-28  atm(a)  from  a  marine  water-tube  boiler.  The  saturated 
steam  was  directed  into  a  separator  in  which  it  was  dried  to  a 
state  x  *  O.97-O.98  and  then  its  pressure  was  reduced  to  a 
reducing  value  to  that  required  calculated  so  that  the  degree  of 
superheating  of  the  steam  would  not  exceed  5-20°C. 


The  average  heat  flow  of  the  condensation  surface  of  the  exper¬ 
imental  duct  was  determined  from  the  quantity  of  condensate  of  the 
heated  steam,  taking  into  account  the  heat  of  superheat  of  the  s 
steam  entering  the  ducts,  and  the  heat  of  supercooling  of  the 
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steam  entering  the  ducts,  and  the  heat  of  supercooling  of  the 
condensate  draining  from  the  duct.  The  condensate  of  the  heated 
steam  was  measured  by  the  weight  method,  with  accuracy  of  +50  g. 


The  mean  heat-transfer  coefficient  was  determined  from  the 
expression:  r  r 


a  a* 


Sfc. 


(1) 


■X 


Here  t  -  mean  temperature  of  the  wall  of  the  duct  at  the  sites 
of  the  thermocouples,  °<3j  tM  -  saturation  temperature,  °Cj 

_  5  A 

q  -  average  heat  flow,  kcal/nr*hj  -  correction  for  the 

*ct 

depth  of  placement  of  the  hot  junctions  of  the  thermocouples, 

o 

m  *h*deg/kcal. 


Wall  temperature  tCT  was  measured  both  around  the  perimeter 

and  along  the  length  of  the  duct  at  20-24  points  in  all  by 
copper- const ant an  thermocouples  made  of  thin  wires  0  0.15  mm. 

Measurement  of  the  thermal  emf  of  the  thermocouples  was 
conducted  according  to  the  compensation  method  with  the  use  of  a 
P  2/1  pdtentlometer,  a  standard  cell  of  class  I  accuracy,  and 
a  4  V  dry  battery. 

The  temperature  of  the  steam  on  inlet  to  the  experimental 
duct  and  the  temperature  of  the  condensate  on  outlet  from  it  were 
measured  by  copper-constantan  thermocouples  made  of  thin  wires 
0  0.3  mm.  The  hot  junctions  of  the  thermocouples  were  soldered 
with  silver  solder  in  the  basis  of  the  connections  of  the 
thermocouples . 

The  pressure  of  the  condensing  steam  was  recorded  by  two 
standard  manometers  With  scale  value  of  0.08  kg/cm2  each. 


The  results  of  check  tests  obtained  over  various  time  in¬ 
tervals  of  operation  of  the  experimental  duct  coincided  well 


with  each  other,  which  attests  to  the  reliability  of  the 
procedure  developed  for  the  placement  of  the  thermocouples. 

The  entire  extent  of  the  study  was  broken  into  two  stages. 
During  the  first  stage  (the  low  pressure  installation)  those 
thermal  loads  were  investigated  at  which  the  process  of  vapor 
condensation  in  horizontal  ducts  d  *  16-35  mm  was  not  investi¬ 
gated  earlier.  Tests  were  made  with  brass,  copper,  and  steel 
tubes  with  a  diameter  of  35*  24,  and  17  mm  respectively  and 
with  a  length  of  2.6  m  each.  Experiments  were  conducted  with 
pressures  of  condensing  steam  p  ■  1.3-9 *3  atm  (a),  thermal 
loads  q  *  17  x  10-1100  *  10J  kcal/m  *h,  momentum  of  steam  on 
inlet  to  the  duct  w£  »  3*5-61  m/s  (wjjV1  ■  3-290  kg/m2*s). 

The  second  stage  experiments  were  conducted  with  the 
raised  pressure  installation,  in  which,  as  in  the  first  stage 
experiments,  heat  transfer  was  investigated  during  complete 
condensation  of  steam  with  pressure  p  ■  5*5-25  atm(a)  inside 
a  copper  duct  d  «  24  mm,  L  ■  3*1  m.  Experiments  were  conducted 
with  thermal  loads  q  ■  100 *10^-1100 *10^  kcal/m2 *h,  momentum  of 
the  steam  on  inlet  to  the  duct  w1"  ■  13-167  m/s  ( w y  ”  ■ 

*  27-335  kg/m2 • s ) . 

• 

In  the  first  stage  experiments  a  study  was  made  of  the 
effect  of  thermal  load,  diameter  of  the  duct  and  the  oxide  film 
(experiments  with  a  steel  tube)  on  heat  transfer  during  the 
condensation  of  steam  inside  horizontal  ducts.  Control  of  the 
thermal  load  was  performed  by  means  of  changing  the  quantity 
and  parameters  of  the  condensing  steam. 

In  the  second  stage  experiments  the  effect  of  steam  pressure 
on  heat  transfer  was  studied.  In  these  experiments  regulating 
of  the  magnitude  of  the  thermal  load  of  the  condensation  surface 
was  achieved  by  means  of  changing  the  quantity  of  steam  being 
condensed  in  the  duct  with  its  pressure  constant. 
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In  all, - 124' experiments  were  conducted.  For  all  experiments 
the  mass  flow  rate  of  motion  of  the  steam  on  inlet  to  the  duct 
W1w  y  ”  did  not  exceed  335  kg/m  *s.  Consequently,  the  mass  flow 
rates  of  motion  of  the  steam  in  the  conducted  experiments  were 
lower  than  those  which  were  observed  in  [5,  6,  10]  on  conden¬ 
sation  of  fast  moving  steam  in  horizontal  ducts.  For  comparison, 
it  may  be  pointed  out  that  in  [5]  the  mass  flow  rates  of  motion 
of  steam  on  inlet  to  the  duct  were  100-900  kg/m2,s,  while  in 
[6]  they  were  higher  yet,  namely:  400-2000  kg/m  ‘s. 

In  this  way,  in  this  work  the  experiments  were  conducted 
with  low  and  moderate  mass  flow  rates  of  motion  of  steam  in  the 
duct.  During  the  experiments  considerable  temperature  nonuni¬ 
formity  of  the  wall  of  the  duct  was  detected  both  around  the 
perimeter  and  along  the  length  of  the  duct. 

As  an  illustration.  Fig.  1  gives  graphs  of  the  change  in 
wall  temperature  around  the  perimeter  and  along  the  length  of 
the  experimental  copper  duct  d  ■  24  mm,  L  *  2.6  m. 

In  previous  works  Cl— 33  on  heat  transfer  during  condensation 
of  steam  and  vapors  of  bensene  and  toluene  in  horizontal  ducts 
the  existence  of  an  unoommon  dependence  between  a  and  q  was 
indicated,  namely:  a  *  q  0,1*3“0.54.  Th#  0Xp0rimental  data  of 
the  present  investigation,  taking  into  account  the  data  of 
experiments  made  for  the  first  time  on  brass,  copper,  and  steel 
tubes  with  q  *  IT* 10^-1100* 10^  kcal/m2*h,  confirmed  the  fact  of 
the  existence  of  the  indicated  dependence  between  a  and  q  for 
all  four  ducts  and  in  the  entire  range  of  change  in  the  regime 
parameters.  This  is  attested  to  by  the  results  of  the  initial 
processing  of  the  experimental  data  in  logarithmic  coordinates 
in  the  form  of  the  dependence  of  a  on  q  given  in  Figs.  2  and  3. 
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Pig.  3.  Graph  of  dependence  of  heat-transfer 
coefficient  during  steem  condensation  a  on  thermal 
load  q  according  to  the  author’s  experimental  data: 
1  -  tube,  copper,  d  ■  24  nun,  L  »  2.6  m;  2  -  tube, 
steel,  d  «  17  mm,  L  ■  2.6  in;  3  -  tube,  brass,  d  « 

■  35  mm*  L  *  2.6  m.5  _  9 

KEY:  (1)  o,  kcal/nr*h*deg;  (2)  q,  kcal/nr*h. 


As  follows  from  these  figures,  the  experimental  points  for 
each  duct  are  well  placed  around  logarithmic  straight  lines 
conducted  with  slope  equal  to  0.5. 


The  Increase  in  the  heat-transfer  coefficients  with  increase 
in  q  is  explained  by  the  effect  of  velocity  of  the  steam,  which 
for  a  case  of  complete  steam  condensation  inside  the  duct  depends 
upon  the  thermal  load  and  geometric  dimensions  of  the  ducts  in 
the  following  manner: 


v? 


* 

\ 
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(2) 


With  an  increase  in  velocity  of  the  steam  in  the  initial 
section  of  the  duct  where  laminar  flow  conditions  of  the  conden¬ 
sate  exist,  the  mechanical  interaction  between  the  vapor  phase 
and  the  film  of  condensate  gives  rise  to  a  change  in  average 
velocity  and  a  decrease  in  the  film  thickness,  as  a  consequence 
of  which,  there  is  an  increase  in  heat  transfer. 

Beginning  in  some  section,  external  disturbance  caused  by 
the  flow  of  steam  gives  rise  to  a  changeover  of  the  laminar  flow 
conditions  of  the  film  to  turbulent  and,  as  a  consequence  of  this, 
to  the  appearance  in  the  film  of  molar  heat  transfer,  the  inten¬ 
sity  of  which  is  the  higher,  the  greater  the  velocity  of  the  steam 
and  the  mechanical  interaction  between  phases. 

There  are  studies  in  which,  at  low  and  moderate  speeds  of 
steam  inside  horizontal  ducts  there  were  obtained  other  dependences' 
between  a  and  q.  Thus,  for  instance,  in  £4J  the  study  conducted 
at  low  speeds  of  motion  of  steam  inside  two  horizontal  ducts, 
with  low  pressures  and  thermal  loads  (w^'  ‘  *  2-5  m/sj  w^'V  “ 

■  2-7  kg/m2,sj  p  ■  1-3  atm(a)}  q  <  24*10^  kcal/m2*h),  it  was 
established  that  a  'v  q  .  This  dependence  is  close  to  those 
to  those  which  are  observed  in  experiments  on  the  condensation  of 
fast  moving  vapors  inside  ducts.  In  [5]  at  moderate  velocities 
of  vapor  condensing  inside  a  horizontal  tube  of  stainless  steel 
w1"  ■  0.5-20  m/sj  w^'V  ■  40-90  kg/m2,sj  p  »  10-90  atm(a); 

q  *  50*10^-500*10^  kcal/m2*h),  a  dependence  of  the  type  a  ^  q  °** 
was  obtained. 

Today,  in  view  of  the  small  quantity  of  experimental  data  on 
vapor  condensation  inside  horizontal  ducts,  it  is  difficult  to 
establish  the  causes  of  the  disagreements  indicated. 

As  a  result  of  further  processing  of  the  experimental  data 
obtained  on  ducts  of  various  diameter  (d  ■  24  and  35  mm)  and 
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identical  length  (L  *  2.6  m)  it  was  established  that  in  the  range 
of  the  investigated  parameters,  with  an  increase  in  the  internal 
diameter  of  the  duct,  the  mean  heat-transfer  coefficient  increases 
in  proportion  to  d0,2. 

As  is  known,  during  the  condensation  of  fast  moving  vapor 
inside  horizontal  ducts,  the  effect  of  gravity  on  heat  transfer 
is  slight.  Under  these  conditions,  as  follows  from  expression 
(2),  with  an  increase  in  diameter  of  the  duct  the  velocity  of 
the  vapor  in  it  decreases,  and  consequently,  heat  transfer  de¬ 
creases.  During  condensation  inside  the  ducts  of  a  vapor  which 
possesses  low  and  moderate  velocities,  heat  transfer  is  greatly 
affected  by  gravity,  the  force  of  the  surface  tension  of  the  film 
and  the  floodability  of  the  duct  by  the  stream  of  condensate  flow¬ 
ing  in  the  bottom  of  the  duct.  Under  these  complex  conditions 
an  increase  in  a  is  possible  with  an  increase  in  q.  This  is 
contributed  to,  for  example,  also  by  the  fact  that  with  an  in¬ 
crease  in  d,  other  conditions  being  equal,  the  floodability  of 
the  duct  by  the  stream  of  condensate  and  others  decreases. 

As  follows  from  Pig.  3,  with  identical  length  of  ducts  and 
identical  q  the  heat-transfer  coefficient  of  the  steel  tube  is 
approximately  *10#  lower  than  for  copper.  The  decrease  in  a  for 
a  steel  oxidized  duct,  as  compared  with  copper,  is  explained  by 
the  effect  of  the  oxide  film  covering  the  surface  of  the  steel 
tube  (the  effect  of  the  diameter  of  the  duct  on  thermal  con¬ 
ductivity  does  not  exceed  4-5$).  The  oxide  film,  possessing 
high  thermal  resistance,  considerably  decreases  the  coefficient 
of  heat  transfer  from  the  vapor  to  the  wall  of  the  duct.  Such 
a  reduction  is  also  contributed  to  by  the  fact  that  the  rough 
oxide  film  renders  a  braking  action  on  the  flowing  film  of 
condensate  and  causes  an  increase  in  the  thickness  of  the  laminar 
sublayer  of  condensate  over  the  entire  surface. 
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Figure  4  gives  the  results  of  processing  of  the  experiments 
in  the  condensation  of  steam  with  pressure  p  =  5.5-25  atm(a) 
inside  a  horizontal  copper  duct  d  ■  24  mm,  L  ®  4.1  mm  (the  experi¬ 
ments  of  the  second  stage  on  the  raised  pressure  installation). 
Earlier  it  was  pointed  out  that  in  the  experiments  of  the  second 
stage  a  study  was  made  of  the  effect  of  the  pressure  of  the 
condensing  vapor  on  heat  transfer. 

As  follows  from  Fig.  in  the  range  of  change  in  pressure 
of  the  vapor  from  5-5  to  25  atm(a),  the  effect  of  the  vapor 
pressure  on  heat  transfer  is  slight.  Only  careful  analysis  of 
the  experimental  data  makes  it  possible  to  observe  a  certain  very 
insignificant  decrease  in  the  heat-transfer  coefficient  with  an 
increase  in  vapor  pressure  from  10  to  25  atm(a).  In  so  doing, 
it  is  obvious  that  the  vapor  pressure  has  an  effect  on  the  ab¬ 
solute  value,  but  not  on  the  character  of  the  dependence  of 
a  on  q.  However,  it  is  hardly  worthwhile  to  consider  such  an 
insignificant  effect  of  the  vapor  pressure  in  practical  calcula¬ 
tions.  As  follows  from  Fig.  4,  through  the  experimental  points 
corresponding  to  various  pressures,  it  is  possible  to  conduct 
one  averaging  logarithmic  straight  line  with  a  gradient  equal  to 
0.5. 

The  effect  of  the  vapor  pressure  on  heat  transfer  during 
condensation  was  investigated  in  more  detail  and  with  the 
inclusion  of  a  greater  quantity  of  experimental  data  in  [9]. 
According  to  the  data  in  this  source,  for  water  in  the  region 
p/pun  <  an  increase  in  vapor  pressure  gives  rise  to  an  insig- 
nificant  increase  in  heat  transfer,  in  the  region  0.01  <  p/p  < 

Kp 

<  0.1  an  increase  in  pressure  has  practically  no  effect  on  heat 
transfer,  and  in  region  p/puri  >  0.1  an  increase  in  pressure  gives 
rise  to  a  decrease  in  heat  transfer. 

The  results  in  [93  completely  agree  with  the  results  of 
experimental  data  on  vapor  condensation  inside  horizontal  ducts 
[1-6]  and  with  the  results  of  this  study,  and  also  with 
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Pig.  4.  Graph  of  the  dependence  of  heat-transfer 

coefficient  during  vapor  condensation  a  on  thermal 

load  according  to  the  author's  test  data.  Tube,  I 

copper,  d  *  24  mm,  L  •  3.1  m  1  -  pressure  of 

condensing  vapor  p  ■  5.5  atm(a);  2  -  p  *  10  atm(a); 

3  -  p  ■  7  atm(a);  4  -  p  ■  17.5  atm(a);  5  -  p  *  20.5 
atm(a)j  6  -  p  «,24.8  atm(a). 

KEY:  (1)  o*10~q  kcal/m2,h*deg. 


the  results  of  a  large  quantity  of  experimental  data  on  vapor 
condensation  on  the  outside  of  horizontal  and  vertical  ducts. 

In  this  way,  with  the  publication  of  [9],  the  question  of 
the  effect  of  pressure  on  heat  transfer  during  the  condensation 
of  vapor  with  low  and  moderate  speeds  of  motion  can  be  considered 
resolved. 

A  comparison  of  the  experimental  data  obtained  on  two  copper 
ducts  d  ■  24  mm,  with  length  L  ■  2.6  and  3.1  m  made  it  possible 
to  establish  the  effect  of  the  length  of  the  duct  on  heat  transfer. 
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As  the  results  of  the  processing  of  the  experimental  data  showed, 

with  an  increase  in  the  length  of  the  duct  the  mean  heat-transfer 

0  3 

coefficient  increases  in  proportion  to  L  .  The  obtained  result 
agrees  well  with  the  experimental  data  of  other  authors  who 
h  conducted  an  investigation  of  heat  transfer  during  condensation 

in  horizontal  ducts  of  vapor  with  low  and  moderate  inlet  velocities. 


Generalization  of  the  experimental  data  of  the  author  of  the 
article,  and  also  the  experimental  data  of  other  authors  who 
investigated  heat  transfer  during  vapor  condensation  in  hori¬ 
zontal  ducts  under  conditions  of  low  and  moderate  speeds  of 
motion,  was  conducted  on  the  basis  of  performed  theoretical 
analysis,  the  results  of  which  have  are  presented  in  [7]. 


Prom  theoretical  analysis  it  follows  that 
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For  particular  cases  of  vapor  condensation  inside  horizontal 
ducts,  the  form  of  this  dependence  is  simplified.  During 
complete  vapor  condensation  in  horizontal  ducts  under  conditions 
of  low  and  moderate  speeds  of  motion,  the  experimental  data  are 
generalized  by  the  following  dependence: 


Nu  *=  c  Re0iS(Ga  P0W(4)" 


or 


ttsr-eviir- 


(4) 
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As  the  results  of  the  Initial  processing  of  the  experimental 
data  of  this  study  showed,  a  'v  du‘  and  a  ^  L  .  Therefore,  the 
exponent  of  the  simplex  L/d  can  be  taken  as  equal  to  -0.2,  i.e., 
n  *  -0.2  (it  is  considered  that  the  value  L  enters  into  the  Re  < 

r. amber  of  the  film  of  condensate). 

Figure  5  gives  the  generalized  analysis  in  coordinates  * 

•  /*V\W/  L  \M  . 

pvt)  (t)  -/««» 


of  the  author's  experimental  data  and  the  experimental  data  of 
f 1 ,  4]  in  the  condensation  of  steam  with  pressure  p  ■  1-25  atm(a> 
and  at  thermal  loads  q  ■  8*10^-ll60'10^  kcal/m2,h  inside  clean 
unoxidized  brass  and  copper  ducts  (a  total  of  190  experiments). 

As  follows  from  Fig.  5,  all  the  experimental  data  on  the 
condensation  of  steam  inside  copper  and  brass  ducts  are  satis¬ 
factorily  grouped  around  the  logarithmic  straight  line,  equation 
of  which  takes  the  form 


(5) 


The  data  presented  in  Fig.  5  cover  a  range  of  change  in 
Re  number,  Re  «  20-14,700,  diameters  of  ducts  d  »  24-38  mm,  and 
lengths  L  «  1.15-3.1  m. 

Figure  6  gives  generalized  analysis  in  coordinates 
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of  the  author’s  experimental  data  and  those  of  [1]  on  the  conden¬ 
sation  of  steam  with  pressure  p  *  1. 3-7.0  atm(a)  and  with 
q  *  8 *10^-350 *10^  kcal/m2*h,  of  the  data  of  [2]  on  the  condensa¬ 
tion  of  ammonia  vapor  with  pressure  p  »  0.11  and  14  atm(a)  and 
with  q  »  2#10^-26*10^  kcal/m2,h,  and  data  of  [3]  on  condensation 

—  _  h 

of  toluene  vapor  with  p  ■  1-2  atm(a)  and  with  q  »  (3-6) *10 
2 

koal/m  *h,  inside  steel  oxidized  ducts  (a  total  of  210  experiments). 

As  follows  from  Pig.  6,  the  experimental  data  on  the  con¬ 
densation  of  steam,  and  vapors  of  ammonia  and  toluene  inside 
steel  oxidized  ducts  are  also  satisfactorily  grouped  around  the 
logarithmic  straight  line,  the  equation  of  which  takes  the  form: 


The  data  presented  in  Fig,  6  cover  a  range  of  change  in  Re 
number.  Re  ■  15-2800,  diameters  of  ducts  d  ■  10-17  mm  and 
lengths  L  ■  1.0-4.14  m.  The  scatter  of  points  around  the  loga¬ 
rithmic  straight  lines  in  Pigs.  5  and  6  does  not  exceed  ±20#. 
Formulas  (5)  and  (6)  within  the  limits  of  the  indicated  ranges 
of  change  in  parameters  and  in  geometric  dimensions  of  ducts 
can  be  recommended  for  the  calculation  of  heat  transfer  during 
the  condensation  of  steam  and  vapors  of  ammonia  and  also  vapors 
of  toluene  inside  brass,  copper,  and  steel  oxidized  ducts.  In 
formulas  (5)  and  (6)  the  physical  constants  of  the  condensate 
are  determined  from  saturation  temperature  t". 
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A  STUDY  OF  QUESTIONS  OF  THE  KINETICS 
OF  CONDENSATION  OF  WATER 

N.  N.  Kochurova 

The  condensation  rate  of  vapor  is  defined  by  the  process  of 
supply  of  vapor  to  the  condensation  surface  and  by  the  process  of 
capture  of  molecules  of  vapor  found  on  the  surface.  The  latter 
fact  is  considered  by  the  so-oalled  "coefficient  of  condensation”  f. 
Characterizing  in  essence  the  surface  condition  of  the  condensate 
and  the  interaction  of  the  condensing  molecules  with  the  condensa¬ 
tion  surface,  the  coefficient  of  condensation,  to  a  considerable 
degree,  defines  the  kinetics  of  the  process  of  condensation. 

In  the  table,  values  are  given  for  the  coefficients  of  con¬ 
densation  for  water  from  the  results  of  measurements  made  by  various 
authors.  The  variance  in  the  experimental  data  obtained  is  great. 
The  values  of  f  differ  from  one  another  10-100  times. 

In  measurements  of  the  coefficient  of  condensation  there  may 
be  considerable  errors  which  appear  as  a  result  of  the  great 
experimental  difficulties  appearing  in  the  measurements  of  the 
surface  temperature,  in  the  removal  or  allowing  for  the  presence 
of  air,  in  considering  the  various  change  with  time  of  the  tempera¬ 
ture  of  the  vapor  and  of  the  surface,  and  in  accounting  for  the 
appearance  of  surface  contaminations. 
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Coefficient  of 
condensation 

Author 

Group  I 

0.002 

Heldrich  [1] 

0.003 

Silver,  Simpson  [2] 

0.01 

Marselin  [3] 

0.015 

Alty  and  Nicoll  [4] 

0.02 

Prtiger  [5] 

Group  II 

0.03 

Sayns  [6] 

0.034 

Baranayev  [7] 

0.036 

Alty  [8],  Silver  and  Mitchell  [9] 

0.04 

Wyllie  [10],  Alty  and  Mackay  [11] 

0.027-0.042 

Delaney  et  al.  [12] 

0.045 

Hammeke  and  Kappler  [13] 

Group  III 

0.1 

Kappler  and  Hammeke  [14] 

0.24-0.42 

up  to  1 

Hichman  [15] 

0.35 

Jamieson  [16] 

0.35-1 

Nabavian,  Bromley  [17] 

'V-l 

Berman  [18] 

Errors  in  the  measurements  of  surface  are  especially  numerous. 
In  the  surface  layer  of  water,  the  so-called  ''thermal  boundary 
layer,"  with  a  thickness  of  water  of  some  tenths  of  millimeters 
(^0.66  mm)  a  temperature  drop  of  several  degrees  is  accomplished 
[5].  The  Introduction  even  of  fine  thermocouples  causes  a  disrup¬ 
tion  of  the  surface  layer.  However,  the  special  procedures  used 
by  a  number  of  authors  for  measurement  of  the  surface  temperature 
of  the  condensate  with  the  aid  of  an  interferometer,  procedures  for 
the  removal  of  noncondensing  gase3,  etc.  (see,  for  example,  [15, 

16]  and  others)  they  make  it  possible  to  eliminate  or  to  allow  for 
possible  errors  of  measurement. 
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All  the  data  in  the  table  with  some  approximation  can  be 
arbitrarily  divided  into  three  gourps:  Group  I  -  f  <  0.03,  Group 
II  -  f  *  0.04,  Group  III  -  f  >  0.1. 

The  ver  lew  values  of  the  coefficient  of  condensation  of  water 
f  <  0.03  (Group  I)  are  usually  explained  by  presence  on  the  surface 
of  the  water  of  surface-active  substances.  According  to  [27]  >  with 
a  decrease  in  surface  tension  to  28  dyn/cm,  by  introducing  surface- 
active  substances,  the  coefficient  of  condensation  was  reduced  by 
10-60/K.  In  Mackay’s  experiments,  and  later  in  those  of  Pruger  [5] 
and  others,  the  effect  of  a  solution  of  glass  in  water  on  the  rate 
of  evaporation  was  investigated.  It  was  noticed  that  with  the  use 
of  leached  glass  vessels  the  rate  of  evaporation  was  almost  twice 
that  with  the  use  of  regular  vessels. 

The  greatest  values  of  the  coefficient  of  condensation  0.1  < 
<f  il  (Group  III)  were  obtained  by  researchers  in  experiments  on 
condensation  with  streams  on  a  renewed,  fast-moving  surface  of 
water  [15,  16,  17*  18].  In  those  experiments  where  the  surface  of 
the  water  was  clean  and  found  at  rest  the  coefficient  of  condensa¬ 
tion  proved  to  be  equal  to  f  *  0.04. 

Calculation  of  the  coefficient  of  condensation  frequently 
proves  to  be  difficult  due  to  the  absence  of  data  on  the  structure 
of  the  surface  layer  of  condensate  and  the  nature  of  the  vapor- 
condensate  interaction. 

The  surface  layer  of  the  liquid  has  a  special  structure  and 
differs  in  its  properties  from  the  volumetric  phase. 

In  water  which  possesses  an  especially  complex  structure 
caused  by  hydrogen  bonds,  dipole-dipole  and  dispersive  forces,  one 
should  expect  the  appearances  of  different  features  in  the  surface 
layers.  Thus,  as  a  result  of  the  strong  polarity  of  the  water,  on 
its  surface  there  is  observed  molecule-dipole  orientation,  which 
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can  lead  to  the  appearance  of  a  potential  Jump  in  the  surface 
layer,  to  change  the  character  of  rotation  of  the  molecules,  etc. 

The  existence  of  a  defined  structure  of  surface  layer  is 
confirmed  by  the  sharp  distinction  of  dynamic  and  static  surface 
tensions  of  the  water.  Dynamic  surface  tension  is  several  times 
higher  than  the  static  surface  tension.  Dynamic  surface  tension 
is  measured  at  the  moment  of  rupture  of  some  volume  of  liquid,  at 
the  moment  of  formation  of  the  new  surface  (for  example,  on  streams 
of  fluid  issuing  at  high  speed  from  an  opening).  A  number  of 
authors  note  that  the  dynamic  surface  tension  is  inversely  propor¬ 
tional  to  the  time  required  for  the  formation  of  surface,  which  is 
linked  with  the  formation  of  surface  structure.  The  more  rapidly 
the  reorientation  of  molecules  and  reorganization  occurs  on  the 
surface,  i.e.,  the  more  rapidly  the  transition  from  unstable  to 
equilibrium  of  surface  is  accomplished,  the  more  rapidly  the  value 
of  dynamic  surface  tension  approaches  the  static  value. 

Anomalies  in  the  changes  in  surface  potential,  surface  entropy, 
and  in  surface  tension  with  a  change  in  temperature  attest  to  the 
rather  complex  structure  of  the  water  surface.  Anomalies  were 
observed,  for  example,  at  15,  30,  45,  and  60°C. 

There  are  several  attempts  at  calculating  the  coefficient  of 
condensation  of  water  on  the  basis  of  calculating  the  structural 
features  of  its  surface.  Thus,  Mortensen  and  Eyring  [233,  explain¬ 
ing  the  difference  in  the  internal  states  of  the  vapor  and  conden¬ 
sate  by  limitation  of  the  rotation  of  molecules  in  the  condensate 
as  a  result  of  the  surface  orientation  of  dipoles,  calculated  the 
coefficient  of  condensation,  comparing  the  statistical  sums  of 
rotation  for  water  and  nonpolar  liquid  CCl^  by  the  formula: 

/  as  QsZ&S  g-WK  (!) 

rCCI,^H,0 
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where  p,  T  -  pressure  and  temperature  of  water  and  CCl^,  found  in 
corresponding  states;  6S  —  the  difference  in  the  entropy  of  vapori¬ 
zation  for  water  and  CCl^.  Calculation  according  to  formula  (1) 
gives  a  value  f  =  0.036. 

Analogous  calculations  of  the  coefficients  of  condensation  by 
comparison  of  the  entropy  of  water  and  CCl^  under  certain  other 
assumptions  were  performed  by  a  number  of  authors  [19,  21],  However, 
the  results  of  these  calculations  agree  less  with  the  experimental 
value  of  the  coefficient  of  condensation  for  the  static  surface  of 
water  f  *  0.04. 

The  coefficient  of  condensation  can  be  calculated,  knowing 
the  moment  of  inertra  and  frequency  of  vibration  of  the  molecules 
[22].  f  also  proves  to  be  approximately  equal  to  0.04. 

The  coefficient  of  condensation  can  be  determined  from  exami¬ 
nation  of  the  following  sufficiently  general  model  [24], 

The  coefficient  of  condensation  by  definition  is  the  prob¬ 
ability  of  condensation  of  the  molecules  which  strike  the  conden¬ 
sation  surface.  The  probability  of  the  course  of  process  (with  a 
clean  surface  of  condensate)  depends  upon  the  activation  energy, 
whereby  the  activation  energy  during  evaporation  ev  is  connected 
with  the  activation  energy  during  condensation  e  and  the  heat  of 
vaporization  r  by  the  relationship; 

If  we  consider  the  molecules  of  the  condensate  as  molecules  of 
vapor  located  in  a  potential  well  Uq  ■  r  and  we  take  the  potential 
interaction  energy  of  the  molecules  of  vapor  as  equal  to  zero,  then 
the  coefficient  of  condensation  can  be  determined  as  the  probability 
of  transition  of  the  molecules  from  one  region  to  another  [with  e  » 

=  0  (Pig.  la)  and  with  e  ?  0  (Pig.  lb)].  In  such  a  model,  f  » 

*  cxp{'~w)‘  With  e  a  °>  f  “  1  wlth  e  0,  f  <  1. 

The  entire  difficulty  in  calculating  the  coefficient  of  con¬ 
densation  consists  in  determining  the  activation  energy  e. 


Fig.  1.  Model  for  the  calcula¬ 
tion  of  the  coefficient  of 
condensation:  a  —  e  -  0;  b  - 
e  *  0. 


M.  Baranayev  [7]  assumed  that  as  a  result  of  the  orientation 
of  the  molecules  of  water  on  the  surface,  a  decrease  in  its  surface 
energy  E  by  the  value  of  6E  occurs,  which  he  calculated  by  means 
of  comparison  of  the  surface  energy  of  water  and  CCl^  at  corre¬ 
sponding  temperatures  T  *  aT  . 

Hp 


IE  -  ArHf0;  A  ^  (t)cc.  ~(t-)Hio  * 


M.  Baranayev  considered  that  during  condensation  to  water 
molecules  there  is  required  supplementary  energy  6E  for  disruption 
of  surface  orientation.  The  value  of  6E  in  it  was  actually  the 
activation  energy.  Calculating  the  coefficient  of  condensation  in 
the  formula: 

,  ~  7T 

/  =e  .» 

he  obtained  f  =  0.034. 

i 

The  activation  energy  can  be  determined  by  the  difference  in  j 

dynamic  and  static  tension.  Then  when  t  *  20°C,  we  find:  j 

i 

» 

/=c*p(— jf)=°.°7,  ,  i 

where  e  -  (cflMH  -  G0Ti!T)S;  j 

o  -  the  dynamic  surface  tension  is  taken  as  equal  j 

flMH  *  »  I 

to  180  dyn/cm  [22] j  j 

a  -  the  static  surface  tension  equal  to  72.6  dyn/cm; 

C  T  3  T 

the  area  of  one  molecule  on  a  surface  of  the  liquid, 
cm^/molecule  [20]; 


464 


M  -  molecular  weight; 

N  -  Avogadro's  number; 
y  -  specific  weight. 

The  value  f  *  0.07  is  close  to  the  experimental  data  of  group 
II  of  the  table  in  definition  of  the  coefficient  of  condensation 
for  a  static  clean  surface  of  water.  However  o  «*  180  dyn/cm, 

flMH 

possibly,  is  not  that  (greatest)  value  of  dynamic  surface  tension 
which  corresponds  to  the  true  moment  of  rupture  of  some  volume  of 
the  liquid  and  formation  of  a  new  surface,  i.e.,  to  the  surface 
condition  corresponding  to  the  maximum  deviation  from  static  state 
with  minimum  surface  tension.  When  <j  >  180  dyn/cm,  f  will  be 
less  than  0.07. 

If  we  take  cj  u  s  100  dyn/cm  (which  will  correspond  to  lesser 
deviation  of  the  structure  of  the  surface  from  the  static  state, 
than  when  a  ,  «  180  dyn/cm)  then  we  will  obtain  a  value  f  «  0.15. 

flHH 

Of  interest  also  is  the  following  fact.  The  probability  of 
normal  (to  the  surface)  orientation  of  molecules  is  equal  to  1/3  9 
z  0.033-  It  can  be  said  that  the  probability  of  the  appearance  of 
a  "feature”  on  the  surface  (deviations  of  its  structure  from  the 
volumetric  structure  of  the  liquid)  is  equal  to  0.033-  This  value 
corresponds  to  f  *  0.04  for  a  static  surface.  The  correlation  of 
these  values  is  clear,  since  by  the  coefficient  of  condensation 
are  considered  all  the  possible  difficulties  of  the  condensation 
process  connected  with  the  structure  of  the  surface. 

In  this  way,  the  change  in  orientation  of  the  molecules  on  the 
surface,  the  structure  of  the  surface  layer  determine  the  value  of 
the  coefficient  of  the  condensation  of  water.  Turning  again  to  the 
table,  it  is  possible  to  make  the  following  classification  of  the 
experimental  data: 

-  Group  I  -  the  values  of  the  coefficients  of  condensation  of 
water  obtained  for  a  static  surface  in  the  presence  of  surface-active 
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substances  decreasing  the  surface  tension  and  the  coefficient  of 
condensation; 

-  Group  II  -  the  values  of  the  coefficients  of  condensation 
obtained  for  a  clean,  static  surface  of  water; 


-  Group  III  -  the  values  o f  coefficient  of  condensation 
obtained  under  conditions  of  an  increase  in  the  surface  tension  of 
water,  and  disruption  of  the  surface  orientation  of  the  molecules. 

In  this  way,  the  coefficient  of  condensation  for  a  static 
surface  of  water,  with  sufficient  accuracy,  can  be  taken  as  equal 
to  0.04. 


To  obtain  reliable  data  on  the  kinetics  of  the  process  of  the 
condensation  of  water  under  various  conditions  requires  research 
into  the  change  in  the  structure  of  the  surface  layer  of  the  water, 
depending  on  the  conditions  of  experimentation. 
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CONDENSATION  OF  CESIUM  VAPORS  FROM 
A  FLOW  OF  INERT  GASES 


K.  M.  Aref'yev,  V.  M.  Borishanskiy , 

T.  V.  Zablotskaya,  N.  I.  Ivashchenko, 

I.  I.  Paleyev  and  B.  M.  Khomchcnkov 

In  the  magnetohydrodynamic  closed-cycle  generators,  inert 
gases  -  helium  or  argon  are  used  as  working  bodies  [1].  In  order 
to  achieve  electrical  conductivity,  to  these  gases  there  are  added 
in  small  quantities  (up  to  several  percentages)  vapors  of  easily 
ionized  substances  -  cesium  or  potassium,  having  the  lowest  ioniza¬ 
tion  potentials.  After  the  fuel  channel  of  the  MHD-genr.rator  before 
the  supply  of  gas  to  the  compressor,  the  additions  must  be  removed 
from  the  flow.  This  can  be  achieved  (at  least  partially)  because 
of  condensation  on  the  radiator  surface  during  the  cooling  of  the 
gas  [2],  The  condensation  of  small  admixtures  is  determined  by  the 
rate  of  their  diffusion  through  the  boundary  layer  to  the  cooling 
surfaces  [3].  The  thermal  resistance  of  the  layer  of  condensate  in 
the  case  of  alkali  metals  is  very  slight  due  to  their  high  thermal 
conductivity  [4,  53.  Therefore,  the  temperature  of  the  layer  of 
condensate  can  be  considered  as  coinciding  with  the  temperature  of 
the  cooling  surface.  The  partial  pressure  of  the  vapor  near  the 
surface  will,  in  practice,  be  equal  to  the  saturation  pressure  at 
this  temperature. 

Diffusion  of  the  admixtures  through  the  gaseous  film  bears  a 
molecular  nature.  Therefore,  during  calculation  of  condensation 


it  is  possible  to  use  the  regularities  of  molecular  diffusion.  The 
fundamental  principles  of  diffusion  for  binary  mixtures  are  dis¬ 
cussed  below  and  the  computed  values  of  diffusion  coefficients  are 
given,  and  also  examples  of  calculations  of  the  condensation  of 
cesium,  illustrating  the  effect  of  different  factors.  It  is  still 
necessary  to  bear  in  mind  that  at  comparatively  low  surface 
temperatures  and  not  very  small  contents  of  the  admixtures  being 
condensed  the  rate  of  their  diffusion  through  the  boundary  layer 
of  the  surface  (formation  of  mist)  is  determined.  In  this  article 
this  question  is  not  examined  comprehensively. 


1.  GENERAL  POSITIONS  OP  THE  THEORY 
OF  DIFFUSION.  CALCULATION  OF  THE 
COEFFICIENT  OF  DIFFUSION 


A  strict  theory  of  diffusion  phenomena  based  on  the  solution 
of  the  Boltzmann  equation  for  the  distribution  function  of  mole¬ 
cules  according  to  energy,  and  considering  the  detailed  character 
of  the  interaction  of  molecules,  has  been  developed  by  Enskog  and 
Chapman  [6,  7].  This  theory,  valid  for  not  very  dense  gases,  gives 
rise  to  the  following  expression  for  flow  g^  of  one  of  the  compo¬ 
nents  of  the  binary  mixture: 


where 

n 

P 

m^  and  m2 


T 

P  ,  P,T 
'  l)\ t 


Si  ^  y»-,«As[sratl*T+Tgr3dr]’  (1) 

the  total  number  of  molecules  per  unit  of  volume; 
the  mass  density  of  the  mixture; 
the  molecular  mass  of  the  components  of  the 
mixture ; 

the  diffusion  coefficient  for  a  binary  mixture; 

the  number  of  molecules  of  the  first  component 

per  unit  of  volume; 

temperature; 

thermal  diffusion  ratio; 
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-  the  thermal  diffusion  coefficient  for  the  first 
component. 

Diffusion  flow  g1  determines  the  mass  of  the  first  component 
being  transferred  through  a  unit  of  section  in  a  given  time. 

The  first  term  in  the  formula  for  diffusion  flow  expresses 
flow  proportional  to  gradient  of  the  relative  partial  concentra¬ 
tions  (or  pressures)  and  directed  counter  to  this  gradient. 

The  second  term  determines  thermal  diffusion  flow  proportional 
to  T  grad  T**  grad  Inf.  The  coefficient  of  thermal  diffusion  Dj,  and 

therefore,  the  thermal  diffusion  ratio  kT  can  be  both  positive  and 
negative.  For  mixtures  of  all  the  usual  gases  (not  ionized)  at  not 
too  low  temperatures,  the  heavier  molecules  (or  those  having  larger 
dimensions)  move  because  of  thermal  diffusion  in  the  direction  of 
lower  temperatures  (i.e.,  counter  to  the  temperature  gradient), 
while  the  lighter  (or  those  having  smaller  dimensions)  -  in  the 
direction  of  higher  temperatures.  This  determines  the  sign  of  Dj 
and  kT<  if  we  designate  the  heavier  or  larger  molecules  by  the 
subscript  1,  then  dJ  and  kT  will  be  positive.  With  a  temperature 
decrease  kT  decreases,  and  at  low  temperatures  the  inversion 
temperature  can  be  reached,  when  the  sign  of  kT  changes.  Corre¬ 
spondingly  the  direction  of  thermal  diffusion  flows  changes. 

For  the  second  component  of  the  mixture  D2  *  -dJ  and  thermal 
diffusion  flow  is  identical  in  value  to  the  thermal  diffusion  flow 
of  the  second  component,  but  counter  directed.  Identical  in  value 
and  opposite  in  direction  are  the  component  diffusion  flows, 
connected  with  gradients  n^/n  and  n2/n,  where  n2  *  n  -  n^  -  the 
number  of  molecules  of  the  second  component  per  unit  of  volume. 

In  this  way,  as  a  whole,  the  flow  of  the  second  component  g2  ■ 
*  -g^.  The  equality  of  the  opposite  diffusion  flows  of  the 
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components,  being  expressed  in  mass  units,  satisfies  the  hydro- 
dynamic  continuity  equation.  The  hydrodynamic  equation  of  motion 
of  the  medium  (Navier-Stokes  equation)  written  in  a  center-of-mass 
system  is  not  disturbed  due  to  the  diffusion  component  [7,  8], 
However,  if  the  mass  of  any  component  in  the  gaseous  environment 
changes  because  of  physical  (condensation,  evaporation)  or  chemical 
processes,  then  again  supplementary  mass  diffusion  flow  appears, 
usually  called  Stefanovskiy  flow  [3  and  others].  Below  we  give 
the  expressions  for  diffusion  flows,  taking  into  account  Stefanovskiy 
flow,  first  converting  expression  (1). 


We  use  the  relationships  for  an  ideal  gas: 

n  -  JL  „  n  -p-P\ 

n~~  kT'  kt  *  n* - Tf~' 


mt  —  jg*-  and 


!>  -  m,n,  r  -  mt-fr  m3  t 


where 


P  -  total  pressure  of  the  mixture,  which  in  our  case  can 
be  considered  as  constant; 
k  -  Boltzmann  constant; 

P1  -  partial  pressure  of  the  first  component; 

P  -  P^  *  P2  “  partial  pressure  of  the  second  component; 

Na  -  number  of  molecules  pe*-»  one  mole  of  ideal  gas 
(Avogavro’s  number); 

R  -  universal  gas  constant; 

and  M2  -  molecular  weight  of  the  first  and  second  components. 


Taking  into  account  these  relationships  we  obtain 
AUPDa 


g » 


[«™1$-+V,d  1= -ft- 


(2) 
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Plows  and  g2,  passing  through  a  unit  of  section  in  a  unit 
of  time,  will  be  expressed  in  units  of  mass  or  weight.1 


In  the  presence  of  Stefanovskiy  flow,  full  diffusion  flow  will 
be  written  thus: 


*»  =  - 


M\PDu 

~~RT 


M, 


(Mt  —  Mj)  +M1 


[grad^+^-grad^+^^f,  (3) 


where  w^,  -  rate  of  mass  flow. 


In  the  case  of  condensation  (or  evaporation)  the  mass  flow 
rate  can  be  found  from  the  condition  of  impenetrability  for  the 
second  (inert)  component  of  the  phase  interface  and  the  condition 
of  constancy  of  total  pressure.  During  condensation,  the  diffusion 
flow  of  the  second  component  directed  from  the  wall,  induced  by 
gradients  p2/P  and  T,  should  be  compensated  by  the  mass  flow 
directed  to  the  wall.  Total  flow  of  the  second  component  should  be 
equal  to  zero: 


8* 


MnPDt, _ Ml _ 

Hf 


[grad tyr+y  gradrj-j-«^--? = 0.  (4) 


Whence  we  obtain  that 


where 


...  < _ RT 

MAR11*)' 


(5) 


gj[  -  flow  of  the  first  component  without  Stefanovskiy  flow, 
expressed  by  formula  (2)  (taking  tne  sign  into  account). 


Substituting  (5)  in  (3),  we  obtain 


lThis  depends  on  the  accepted  dimensionality  of  R.  In  the  SI 

system  of  units  R  ■  8.32*10^  J/kmole»deg,  while  in  the  technical 
system  R  *  8^*8  kgm/kmole»deg. 
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Computing  Stefanovskiy  flow  during  condensation  (and  evapora¬ 
tion)  led  to  reduction  of  the  value  ((Aft  —  A!j)  -p  +Ma)  in  the  formula 

for  flow  g, ,  but  there  appeared  the  factor  — 1 — ,  giving  a  correc- 
tion  for  Stefanovskiy  flow. 

In  the  case  interesting  us  of  small  admixtures,  this  factor 
is  close  to  one.  For  example,  when  0,02  ,  the  value  of  — ? — 

»-£ 

is  equal  approximately  to  1.02.  For  the  sake  of  simplicity  in  the 
calculations,  this  correction  may  not  be  considered  and  it  can  be 
taken  that 


In  the  absence  of  thermal  diffusion,  Stefanovskiy  flow  can  be 
considered  and  formula  (6)  can  be  rewritten  thus: 

gt  =  -^jg^grad  ln(l  -  $•).  (7a) 

The  closeness  of  the  values  of  — to  one  still  does  not 

1 

mean  that  the  contribution  of  Stefanovskiy  flow  to  the  transfer  of 
mass  is  neglible.  The  portion  of  Stefanovskiy  flow  in  general 
comprises : 
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For  the  case  of  a  mixture  of  cesium  with  helium  with  p-^/P  * 

=  0.02,  due  to  the  great  difference  in  molecular  weights  it  results 
in  the  portion  in  question  being  equal  to  0.4l.  For  a  mixture, 
for  example,  of  potassium  with  argon  with  small  P1/P>  the  portion 
of  Stefanovskiy  flow  is  small. 

If  in  formula  (3)  we  express  the  first  term  in  terms  of  wM 
with  the  aid  of  (5),  then  we  obtain 

gx  —  w*  =  (6a) 


Flow  g^  remains  constant  at  various  distances  from  the  flat 
wall.  In  proportion  to  proximity  to  the  wall,  in  the  case  of  the 
use  of  a  mixture  of  cesium  with  helium,  the  mixture  density  p  drops 
and  the  mass  flow  rate  increases. 


For  further  calculations,  data  are  necessary  on  the  diffusion 
coefficients  D12  and  thermal  diffusion  ratio  kT.  Enskog  and 
Chapman's  theory  makes  it  possible  to  determine  these  values.  For 
the  diffusion  coefficient  in  a  binary  mixture  D12  the  following 
expression  is  obtained  in  first  approximation  [73: 


Al,  -  M; 


0,,-vwom-Lj^S! 


(8) 


where  r,  =  ~  -  reduced  temperature: 

e12  and  o12  -  parameters  of  the  potential  energy  of  interaction 

of  the  molecules  of  the  first  and  second  components} 

!»{>.'" CQ  -  reduced  integral  of  collisions  considering  the 

interaction  of  molecules  during  diffusion  in  two- 
component  mixtures. 
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In  the  given  formula  the  temperature  T  is  entered  in  °K, 
pressure  P  in  atm,  and  the  parameters  c12  and  e^A  in  %  and  °K, 
respectively.  Then  coefficient  D^2  will  be  obtained  in  cm2/s. 
Coefficient  Dl2  in  first  approximation  does  not  depend  upon  the 
component  content  in  the  mixture.  Parameters  e12  and  a12  charac¬ 
terize  the  potential  energy  of  interaction  of  the  molecules.  For 
nonpolar  molecules,  the  Lennard-Jones  potential  is  usually  used  [7] 

<9) 

where  r  -  the  distance  between  molecules;  when  r  ■  o^2,  $12  *  0. 

At  close  intervals,  the  force  of  interaction  of  the  molecules 
**12  *  “  3^l2//3r  *s  P08^*7®*  moleoules  are  repelled.  At  distant 
intervals  f12  <  0,  molecules  are  attracted.  At  a  distance  of 
the  potential  energy  reaches  minimum,  repelling  and  attraction 
forces  are  balanced.  The  depth  of  the  potential  well  is  equal  to 

e12* 


Integral  2$"*  (TV)  for  the  Lennard-Jones  potential  has  been 
calculated.  In  [7]  there  are  tables  of  its  values.  The  values  of 
the  other  analogous  integrals  are  given  for  other  transfer  coeffi¬ 
cients.  Therefore,  with  the  known  parameters  o12  and  e12,  calcu¬ 
lations  of  the  diffusion  coefficient  are  performed  rather  simply. 

A  general  form  of  formula  (8)  without  integral  can  be 

obtained  on  the  basis  of  the  simplest  model  in  which  the  molecules 
are  considered  as  solid  spheres  undergoing  elastic  collisions. 
Integral  2{J*>*  (Tu*)  gives  a  correction  for  the  actual  interaction  of 
molecules. 

The  parameters  a12  and  e12  can  be  approximately  estimated 
according  to  the  parameters  o11,  o22»  and  e22,  relating  to  the 
gases  of  the  mixture,  Usually  the  combination  rules  are  used  [7]: 
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(10) 


and 


(ID 


For  gases,  rule  (11)  for  the  most  part  leads  to  satisfactory 
results.  However,  as  we  shall  see  from  what  follows,  for  mixtures 
of  vapors  of  alkali  metals  with  an  inert  gas,  rule  (11)  gives  large 
errors.  It  is  possible  to  use  another  method  for  determination  of 
e12  9,  10].  For  the  attracting  forces  (dispersion  forces) 

acting  at  great  distances  between  nonpolar  molecules,  according  to 
London  [11]  we  have: 


r»  iM— -7*1*3 


JL !&_ 

L\t.U7 


1 

l*’ 


(12) 


where  a1  and  o2  -  the  polarizability  of  the  molecules; 


and  U2  -  characteristic  energies  of  molecules. 


According  to  London,  energies  U1  and  U2  are  close  to  ionization 
energies.  However,  more  detailed  examination  shows  that  the 
differences  between  these  energies  can  be  considerable  [11,  12]. 


Substituting  in  (12)  the  value  $12(r)  for  lar8e  r  expressed 
with  the  aid  of  (9)  in  terras  of  e12  and  o12,  we  obtain 


If  we  take 


9\i  =  V 


(13) 


(14) 


which  differs  slightly  from  (10),  and  determine  and  Ug.from 
relationships  of  the  type 

(15) 


emanating  from  (13)  for  the  interaction  of  identical  molecules, 
then  we  obtain 
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(16) 


M2* 


9tfWVrr 

'^TTTtDZ  *  *»»* **• 


Hence,  it  is  apparent  that  only  when  U1  *  Ug  rule  (10)  obtained. 
In  the  case  of  the  use  of  mixtures  of  -vapors  of  alkali  metals 
(subscript  1)  with  an  inert  gas  (subscript  2)  U1  is  much  less  than 
U2,  since  in  alkali  metals  the  low  ionization  energy,  and  the  high 
ionization  energy  of  the  inert  gas  (despite  the  differences  and 
Ug  are  close  in  order  to  ionization  energies).  In  this  way,  rule 
(10)  for  the  case  in  question  should  give  rise  to  large  errors. 

Values  of  and  for  cesium  can  be  found  from  the 
processing  of  experimental  data  on  the  viscosity  of  vapors  of 
cesium,  using  the  expression  emanating  from  Enskog  and  Chapman's 
theory  for  the  viscosity  of  gases.  Processing  the  experimental 
data  on  the  viscosity  of  vapors  of  cesium  [133  gives  ■  5.7  X 
and  e13/k  «  167°K.  During  the  processing  it  was  assumed  (in  the 
future  we  will  also  so  assume  everywhere)  that  the  vapors  of  cesium 
consist  of  monatomic  Cs  molecules.  The  content  of  diatomic  Cs0 
molecules  is  small.  It  is  still  necessary  to  note  that  the  atoms 
of  cesium  (and  the  other  alkali  metals)  interact  with  each  other 
with  potential  energies  corresponding  to  two  different  types  of 
dependences  on  distance  [13  and  others].  One  fourth  of  the  colli¬ 
sions  occur  in  atoms  in  singlet  state  *£,  when  the  atoms  are 
attracted  and  only  at  short  distances  (less  than  0.5  X)  are  repelled. 
The  depth  of  the  potential  well  turns  out  to  be  great,  corresponding 
to  the  value  of  dissociation  energy  of  diatomic  molecules.  Three 
fourths  of  the  collisions  occur  in  atoms  in  triplet  state  *Z,  when 
atoms  are  only  repelled.  Attraction  is  obtained  only  at  great 
distances  because  of  dispersion  forces.  In  this  way,  the  Lennard- 
Jones  potential  can  be  used  only  conditionally  to  describe  the 
interaction  of  atoms  of  alkali  metals.  Nevertheless,  from  the 
experimental  data  on  the  viscosity  of  vapors  of  cesium  it  is 
possible  to  select  values  of  parameters  a and  which  remain 
unchanged  in  the  experimental  temperature  range  (600-1100°K) . 
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The  values  of  parameters  <j22  ar^  e22  for  helium  an<*  arSon » 
also  selected  from  the  data  on  viscosity,  are  given  in  [73.  These 
values,  just  as  the  values  of  a11  and  mentioned  in  the  text 
for  cesium  are  given  in  Table  1.  There  also  are  given  the  polariz¬ 
ability  values  from  [14]  and  calculated  values  of  o12  and  e12  for 
mixtures  of  cesium  with  helium  and  argon  found  with  the  aid  of 
formulas  (14),  (i.5),  and  (16). 

Table  1.  Values  of 
polarizabilities  and 
parameters  of  the 
Lennard-Jones  potential 
function. 


o  (1) 

BetuccTuo 

IMII  CMCCb 

••low, 

CM* 

». 

A 

tik, 

"K 

Cs 

36 

5,7 

167 

He 

0,207 

2.56 

10,2 

Ar 

1,63 

3.47 

116 

Cs-He 

— 

3,62 

20 

Cs-Ar 

— 

4.45 

C3,5 

KEY:  (1)  Substance  or 
mixture . 

Having  the  values  of  o12  and  e12,  it  is  possible  to  calculate 
the  diffusion  coefficient  for  Cs-He  and  Cs-Ar  mixtures  with  the  aid 
of  formula  (8).  The  results  of  the  calculations  are  presented  in 
Table  2  (for  atmospheric  pressure j  for  other  pressures,  the 
diffusion  coefficient  is  inversely  proportional  to  the  pressure  and 
is  easily  determined  by  recalculation).  Table  2  also  gives  the 
experimental  values  of  the  diffusion  coefficient.  At  a  temperature 
of  723°K  the  experimental  values  of  the  diffusion  coefficient  for 
Cs-He  and  Cs-Ar  mixtures  were  determined  by  the  Stefan  method,  i.e., 
by  the  rate  of  evaporation  of  cesium  in  an  atmosphere  of  helium  or 
argon  [153.  Error  in  the  experiments  is  estimated  at  ±15#.  For  a 
temperature  of  299°K,  the  experimental  values  of  the  diffusion 
coefficient  have  been  borrowed  from  [163.  These  values  have  been 
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Table  2.  The  calculated 
and  mean  experimental 
values  of  the  diffusion 

2 

coefficient  D12  cm  /s 
with  p  «  9.81*10**  N/m2. 


TVvncpa* 

■—(2) - 

3iia'iCiuif 
Kovj- j  smacHra 

j  (3 )  Cwecfc 

C*  —  He 

Ca  — At 

723 

J4) 

PactetHne 

2,13 

0.47 

.OnuTiibifc  (15] 
(5) 

2,06 

0,69 

299 

J4) 

PaMctnue 

0,50 

0,11 

OnuTiiuc  116]  0,37 

(6)  | 

0,19 

KEY:  (1)  Temperature;  (2) 

Values  of  diffusion 
coefficient;  (3)  Mixture; 

(4)  Calculated;  (5)  Experi¬ 
mental  [151;  (6)  Experi¬ 
mental  [16], 

determined  by  optical  measurement  of  relaxation  times  of  nonequi¬ 
librium  populated  Zeeman  levels  of  hyperfine  structure  of  cesium 
atoms.  Error  in  determining  the  diffusion  coefficient  amounts  to 
±30*. 


Prom  Table  2  it  is  evident  that  for  the  Cs-He  mixture  the 
experimental  and  computed  values  of  the  diffusion  coefficient  are 
sufficiently  close.  If  we  introduce  correcting  factor  K  into 
formula  (8),  equal  in  this  case  to  0.97,  then  at  a  temperature  of 
723°K  the  calculated  and  experimental  values  of  the  diffusion 
coefficient  will  coincide,  while  at  a  temperature  of  299°K  the 
differences  will  be  slight  (not  emerging  beyond  the  margins  of 
error  of  determining  the  diffusion  coefficient).  The  analytic 
curve  with  correction  factor  k  ■  0.97  is  given  in  Fig.  1.  Experi¬ 
mental  points  are  also  shown.  It  is  still  necessary  to  note  that 
the  values  of  a^2  and  e^2  for  a  Cs-He  mixture  were  determined  by 
Robinson  [9,  10]  from  the  processing  of  experimental  data  in  regard 


Pig.  1.  Diffusion  coefficient  D12 

for  Cs-He  and  Cs-Ar  mixtures  de¬ 
pending  on  temperature  with  pressure 

P  «  9.81‘IC4  N/m2: 

1  -  analytic  curve  for  Cs-He  mixture; 

2  -  analytic  curve  for  Cs-Ar  mixture; 
•  -  authors*  experimental  points 
[15];  A  -  experimental  points  from 
reference  [16], 

Designation:  cm  Veen  »  cm  /s. 


to  displacement  of  a  hyperfine  structure  of  cesium  atoms  in  an 
atmosphere  of  helium.  There  was  obtained  <?12  “  3.39  X  and  e12/k  * 
=  40.8°K,  Calculation  of  the  diffusion  coefficient  by  formula  (8) 
using  these  values  of  parameters  for  a  temperature  of  723°K  leads 
to  somewhat  overstated  results.  For  atmospheric  pressure  there  is 

O 

obtained  D12  *  2,4  cmVs.  The  calculated  results  presented  in 
Table  2  are  closer  to  experimental 

From  Table  2  it  is  also  evident  that  the  calculated  and 
experimental  values  of  the  diffusion  coefficient  for  the  Cs-Ar 
mixture  differ  from  one  another  more  strongly  than  for  the  CsHHe 
mixture.  In  the  case  of  the  use  of  a  Cs-Ar  mixture,  the  experi¬ 
mental  values  of  the  diffusion  coefficient  are  higher  than 
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calculated.  For  agreement  of  the  calculated  and  experimental  values 
of  the  diffusion  coefficient  at  a  temperature  of  723°K  it  is 
necessary  to  introduce  into  formula  (8)  the  correction  factor  k  « 

*  1^7.  The  analytic  curve  taking  this  factor  into  account  is  also 
given  in  Fig.  1.  Experimental  points  have  also  been  plotted.  At 
a  temperature  of  299°K,  the  divergence  of  the  calculated  and  experi¬ 
mental  values  of  the  diffusion  coefficient  do  not  fall  outside  the 
limits  of  error  of  the  experimental  determination  of  the  diffusion 
coefficient. 


Let  us  still  note  that  calculated  determination  of  diffusion 
coefficients  was  also  made  for  K^e  and  K-Ar  mixtures  [153.  It 
again  turned  out  that  for  the  K-He  mixture  the  experimental  and 
computed  values  of  the  diffusion  coefficient  are  close.,  while  for 
the  K-Ar  mixture  the  experimental  values  are  higher  than  the  cal¬ 
culated.  In  this  way,  the  calculation  for  mixtures  with  argon 
needs  refinement. 


It  was  stated  earlier  that  formula  (8)  answers  to  the  first 
approximation  of  the  Enskog  and  Chapman  theory  for  low-density 
gdses.  In  the  second  and  following  approximations  the  diffusion 
coefficient  begins  to  depend  upon  the  content  of  components  in  the 
mixture.  Higher  approximations  give  [7]: 

(17) 


Here  the  subscript  k  signifies  the  number  of  the  approximation, 
k 

Correcting  function  f„  depends  upon  the  content  of  components, 

^12 

their  molecular  weight,  viscosity,  and  also  on  the  temperature. 

The  values  of  this  function  usually  differ  very  slightly  from  one. 

For  the  majority  of  two-component  mixtures  the  values  of  f  1  7  cal- 

u12 


culated  using  the  Lennard-Jones  potential  change  within  limits  of 
from  1.0  to  1.03  [73. 
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For  the  following  approximations  ti.  '  is  still  closer  to  one. 

u12 

For  a  mixture  of  cesium  with  helium  under  our  conditions  fl  '  ■ 

u12 

=  1.003.  So  small  are  the  values  of  f'  '  for  the  mixture  of  cesium 

u12 

with  argon.  In  this  case,  with  such  corrections  it  is  possible  to 
be  not  considered. 

For  dense  gases  the  value  of  the  diffusion  coefficient  can  be 
determined  by  the  formula  [73 : 

where  D12  -  the  diffusion  coefficient  determined  from  formula  (13) » 
Correcting  value  Y12  is  given  by  the  relationship: 


The  value  of  Y12  begins  to  differ  noticeably  from  one  only  at 
comparatively  high  pressures  (at  large  n^  and  n2).  For  the  mixture 
of  cesium  with  helium  with  atmospheric  pressure  the  value  is 
practically  equal  to  one. 

2.  CALCULATION  OF  THERMAL 
DIFFUSION  RATIO 


The  Enskog-Chapman  theory  makes  it  possible  to  calculate  the 
thermal  diffusion  ratio  [73.  For  two-component  gaseous  mixtures 
in  first  approximation 


(20) 


where  and  xa  — -  molar  fractions  of  components  in 

the  mixture; 


i»8l 


1  , 
"  t 


^12^1  *”  coe^^°i®nt  thermal  conductivity  of  the 
mixture  in  first  approximation'} 

functions  of  the  molecular  weight  of  the 
components,  of  coefficients  of  thermal  con¬ 
ductivity  [A123i,  CAn]1  (for  S^)  and 
reduced  temperature  T12*  *  Tk/e12; 

[Anil  and  CA22^x  “  coefflcients  of  thermal  conductivity  of 

first  and  second  components  in  first  approxi¬ 
mation; 

CJ2  -  function  of  TJ2; 

and  -  functions  of  [*22]x»  E*i2^i>  xi»  x2* 

and  Tj2* 

In  [7]  relationships  and  tables  are  given  which  determine  the 
values  necessary  for  calculations  according  to  formula  (20)  (for 
the  Lennard-Jones  potential  and  other  potentials).  Thermal 
diffusion  ratio  kT  depends  substantially  on  the  concentrations  of 
components  in  the  mixture  and  the  difference  in  their  masses 
(molecular  weight).  With. small  x^  (or  x2)  the  thermal  diffusion 
ratio  is  small.  The  thermal  diffusion  ratio  is  also  small  with  a 
small  difference  in  the  masses  of  the  components.  The  value  of  kT 
should  be  rather  large  for  the  mixture  of  cesium  with  helium  (with 
a  not  very  small  content  of  cesium).  For  the  mixture  of  argon 
with  helium,  kT  should  be  less,  while  for  the  mixture  of  potassium 
with  argon,  kT  should  be  very  small. 

With  an  increase  in  the  content  of  oesium  in  helium  or  argon 
the  value  of  kT  increases,  then,  passing  through  the  maximum  value, 
it  decreases.  With  an  Increase  in  temperature,  kT  increases. 
However,  this  Increase  for  temperatures,  considerably  exceeding 


S(1)  and  S<2>  - 
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inversion,  is  slight.  The  inversion  temperature  to  which  the  value 
1*12  *  kT/e12  *  0*95  corresponds,  for  the  mixtures  interesting  us 
turns  out  to  be  rather  low1).  Within  the  limits  of  the  theory  in 
question,  kT  does  not  depend  on  pressure. 

For  the  mixture  of  cesium  with  helium,  the  values  of  kT  were 
calculated  using  values  of  o12  and  ei2  found  by  Robinson  (<?12  * 

«  3.39  A  and  e12/k  *  40.8°K).  .  The  use  of  data  on  the  parameters 
o12  and  e12  from  Table  1  does  not  give  rise  to  any  noticeable 
differences.  The  values  of  kT  depend  very  slightly  on  the  value 
of  the  parameters  o^  and  e11  for  cesium  (with  small  contents  of 
cesium).  Calculated  values  of  kT  for  small  contents  of  cesium  (up 
to  x1  *  0.1)  and  temperatures  exceeding  lJ00°K  (when  kT  practically 
stops  increasing  with  an  increase  in  temperature)  are  given  in 
Fig.  2.  For  a  mixture  of  cesium  with  argon  under  comparable  con¬ 
ditions  of  value,  ky  is  approximately  2.5  times  less.  For  a 
mixture  of  potassium  with  argon  when  T  •  773°K  and  x1  ■  0.02,  the 
thermal  diffusion  ratio  is  negative  and  very  small  in  value  (kT  * 

*  -3‘10”6). 

It  should  be  specified  that  the  Enskog  and  Chapman  theory, 
which  leads  to  good  results  in  calculations  of  the  diffusion  coeffi¬ 
cient  and  other  analogous  transfer  coefficients,  is  not  sufficiently 
precise  for  calculations  of  the  thermal  diffusion  ratio  kT, 
especially  in  first  approximation.  Calculation  of  the  following 
approximations  is  extremely  awkward.  Great  deviations  are  obtained 
in  the  region  of  inversion  temperature  [17] ♦  However,  the  tempera¬ 
tures  interesting  us  are  far  from  the  inversion  temperature.  At 
such  temperatures,  theoretical  calculation  gives  a  correct  order 
of  magnitude  of  kT. 

lThe  Enskog  and  Chapman  theory  gives  rise  to  an  even  lower 
second  inversion  temperature  at  which  the  sign  of  kT  is  again 

changed.  However,  in  experiments  the  second  inversion  was  not 
observed , 


if 


Pig.  2.  Thermal  diffusion  ratio  kT  for  Cs-He 
mixture  depending  on  cesium  content  p^/P  ■  x1 
for  temperatures  above  400°. 

3.  ANALOGY  BETWEEN  DIFFUSION  AND 
HEAT  EXCHANGE 

Between  the  phenomena  of  diffusion  (mass  transfer)  and  heat 
exchange  there  is  a  known  analogy  widely  utilized  in  experiments 
and  calculations  [18-22  and  others].  On  the  basis  of  it  rests  the 
analogy  between  the  expressions  for  diffusion  flow  (in  the  simplest 
case)  and  heat  flow  transferred  because  of  thermal  conductivity. 
During  heat  exchange,  Nusselt’s  thermal  criterion  Nu«  £  represents 
a  function  of  the  Reynold’s  criterion  and  the  thermal  Prandtl 

number  Pr«^.  Here  a  -  heat-transfer  coefficient:  \  -  coefficient 
of  thermal  conductivity}  d  -  determining  dimension;  w  -  flow  rate; 
v  -  kinematic  viscosity;  a  -  coefficient  of  temperature  conductivity. 
For  mass  transfer,  Nusselt’s  diffusion  criterion  Nuo«  (aj>  -  the 
coefficient  of  diffusion  exchange  or  mass  transfer)  depends  upon 
the  Reynold’s  criterion  Re  and  diffusion  Prandtl  number  (or  Schmidt’s 
criterion)  Pro-  jjfa. 


% 


I 


t 


4  8<t 


/ 


Due  to  the  analogy  of  dependence  Nu»/(Re,  Pr)  and  Nuj>=/(Re,  Pro) 
they  should  be  Identical.  Therefore,  the  experimental  results  in 
heat  exchange  generalized  by  a  criterional  function  can  be  trans¬ 
ferred  to  mass  transfer.  Similarly,  from  the  results  obtained 
from  the  mass  transfer  it  is  possible,  using  a  criterial  function, 
to  calculate  heat  exchange.  These  methods  are  widely  used  in  the 
study  of  heat  and  mass  transfer.  The  analogy  has  been  repeatedly 
checked  by  experiment.  It  is  natural  that  under  the  simplest 
conditions  it  is  well  confirmed.  Deviations  are  caused  by  the  effect 
of  Stefanovskiy  flow  in  mass  transfer.  Usually  in  formulas  on  mass 
transfer  the  criterion  p^P  is  additionally  introduced,  character¬ 
izing  the  role  of  Stefanovskiy  flow.  In  the  case  being  examined 
by  us  the  analogy  can  still,  be  disturbed  by  thermal  diffusion. 
Furthermore,  according  to  the  Enskog  and  Chapman  theory,  heat  flow 
not  only  is  not  transferred  because  of  thermal  conductivity  and  is 
proportional  to  the  temperature  gradient  (as  this  was  aocepted  in 
substantiation  of  the  analogy),  but  is  still  caused  by  the  concen¬ 
tration  gradient  [7]  (the  Dufour  effect,  a  phenomenon,  the  reverse 
of  thermal  diffusion).  In  addition,  a  certain  quantity  of  heat  is 
again  transferred  with  diffusion  flow  of  molecules.  The  full  ex¬ 
pression  for  heat  flow  q  (taking  into  account  Stefanovskiy  flow) 
takes  the  form1). 


q  =  -Xgradf  +  (21) 

The  second  and  third  terms  exactly  define  the  indicated  heat 
flows.  The  third  term  has  been  written  for  the  monatomic  gas 
moving  to  the  wall  (cesium  or  potassium),  the  specific  heat  of  which 
for  one  mole  is  equal  to  5/2  R  (with  constant  pressure). 


lThe  expression  given  below  for  q  differs  from  the  correspond¬ 
ing  expression  in  [7],  since  Stefanovskiy  flow  has  been  taken  into 
account  (in  this  case  gg  ■  0). 
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However,  estimates  show  that  the  supplementary  heat  flows  in 
question  are  small  as  compared  with  the  flow  being  transferred  by 
thermal  conductivity.  Even  for  a  mixture  of  cesium  with  helium 
when  there  can  be  cpnsiderable  thermal  diffusion,  the  second  and 
third  members  in  (20)  together  comprise  less  than  3%  of  the  first 
member  with  cesium  content  p^P  «  0.02.  In  this  way,  it  is  impos¬ 
sible  to  expect  a  noticeable  disturbance  of  the  analogy  induced  by 
the  supplementary  components  of  the  heat  flow. 

1*.  CALCULATION  OP  CONDENSATION  OP 
CESIUM  PROM  A  PLOW  OP  INERT  GAS. 

EXPERIMENTAL  RESEARCH  ON  CONDENSA¬ 
TION 

Let  us  examine,  as  an  example,  the  condensation  of  cesium  from 
a  flow  of  helium  during  transverse  flow  of  a  single  tube.  Let  the 
diameter  of  tube  equal  40  mm.  For  calculation  of  coefficients  o 
and  aD  we  will  use  the  following  criterial  formula  [19]: 

Nu  »  A  Pr°M  Re-.  (22) 

The  coefficients  A  and  n  entering  intp  this  formula  have  different 
values  in  different  ranges  of  Re  numbers.  For  example,  with  Re  « 

■  100-5000,  A  ■  0.665  and  n  ■  0.47. 

With  small  molar  additions  of  cesium  to  helium  (i.e.,  in  the 
case  of  relatively  small  number  of  molecules  of  the  addition)  co¬ 
efficients  X,  and  v  and  a  can  refer  to  pure  helium. 

Diffusion  flow  of  vapor  to  the  surface  of  tube,  induced  by 
concentration  diffusion  (without  thermal  diffusion),  is  equal  to1). 

xPor  small  concentrations  of  cesium  the  correcting  factor  — i-- 
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is  practically  equal  to  one 


(23) 


_  AUP*d 
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where  d  -  diameter  of  the  cylinder; 


(fjr)  and  (^r)not  "  relatlve  partial  pressure  of  cesium 

in  gas  volume  (in  the  flow)  and  at 
the  surface  of  the  tube. 


The  pressure  of  the  cesium  at  the  surface  can  be  considered 

equal  to  the  saturation  pressure  at  surface  temperature  T„_.  For 

M  P*  no  a 

the  temperature,  in  the  denominator  of  the  entity  — or  the 

entity  one  should  take  that  determining  temperature,  to 

Rd  T 


which  it  is  recommended  to  refer  the  physical  properties  in  the 
criterial  formula  used  (22)  (mean  temperature  in  the  gas  boundary 
layer,  the  temperature  of  incident  flow,  etc.).  The  fact  is  that 
the  dependence  of  the  ratio  on  the  temperature  is  approximately 
the  same  as  the  dependence  of  the  coefficient  of  thermal  conduc¬ 
tivity  A  on  the  temperature.  Therefore,  when  A  is  considered  a 
constant  value  with  a  change  in  the  gas  temperature  (as  is  usually 
done),  it  is  rational  to  consider  also  as  constant  the  ratio 

C33. 


In  Fig.  3  the  calculated  values  are  given  for  the  flow  of 
concentration  diffusion  for  the  surface  of  tubes  with  diameter  of 
40  mm  depending  on  number  Re  with  cesium  content  in  the  flow  of 

~il  ,  _!i 

from  1*10  to  4*10  .  Temperature  in  the  flow  To6  is  taken  as 

equal  to  873°K,  and  the  surface  temperature  of  the  tubes  -  373°K. 

Diffusion  flow  to  the  surface  of  tube  must  still  grow  because 
of  thermal  diffusion. 

For  an  approximate  estimate,  the  temperature  gradient  at  the 
surface  of  the  tubes  can  be  taken  as  equal  to  — *F“— »  where 
=  j!"  —the  thickness  of  the  thermal  reduced  film.  The  temperature 
flow  of  cesium  to  the  surface  (the  cesium,  because  of  thermal  diffu¬ 
sion,  moves  to  the  colder  surface  of  tube,  condensation  is  increased) 


can  be  estimated,  using  the  relationship 


,  T  T 

„  _  \  T  /  ft t  ToA  —  « n< 

g.u,„  -  —  % - r — e~ 


(24) 


Pig.  3.  Calculated  values  of  flow  of  concentra¬ 
tion  diffusion  of  cesium  from,  a  mixture  with 
helium  on  the  surface  of  a  tube  under  transverse 
flow  depending  on  the  Reynolds  number  (Tq(5  ■  730°K; 

Tno0  *  373°K):  i, 

-410-*, 

According  to  the  date  in  Pig.  2,  the  value  of  kT  with  small 
contents  of  cesium  depends  practically  linearly  upon  the  relative 
fractions  of  cesium  «*•£•.  If  we  make  use  of  the  data  in  Pig.  2 
and  refer  the  value  of  kT/T'  to  conditions  in  the  middle  of  the 
diffusion  reduced  film,  then  it  is  found  that  thermal  diffusion 
flow  will  comprise  about  30%  of  the  concentration  diffusion  flow. 
In  this  way,  for  the  case  of  condensation  of  cesium  from  a  mixture 
with  helium,  thermal  diffusion  is  considerable  and  must  be  consid¬ 
ered.  For  the  case  of  condensation  of  cesium  from  a  mixture  with 
argon,  the  effect  of  thermal  diffusion  is  much  weaker,  since  the 
thermal  diffusion  ratio  is  less  (approximately  2.5  times). 


In  the  example  examined  a  low  cesium  concentration  in  helium 
is  taken  [•&«(! -MHO-4].  With  higher  cesium  concentrations,  the 
vapors  within  the  limits  of  the  boundary  layer  of  the  surface  of 
the  tubes,  can  become  supersaturated  (due  to  the  temperature  de¬ 
crease)  and  the  formation  of  fine  drops  of  mist  can  begin  [233. 
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Condensation  on  the  surface  of  the  tube  is  reduced.  Part  of  the 
drops  of  mist  will  be  carried  out  by  the  flow  from  the  limits  of 
boundary  layer,  and  another  part  of  the  drops  will  reach  the  surface 
under  the  action  of  forces  of  thermophoresis  (proportional  to  the 
temperature  gradient  and  moving  the  drops  to  the  colder  surface  [24], 
As  the  flow  cools,  formation  of  mist  will  begin  in  the  flow.  The 
case  of  condensation  of  cesium  additions  from  gases  with  formation 
of  mist  in  the  boundary  layer  and  in  the  flow  requires  special 
examination. 

Of  practical  interest  is  the  research  on  the  condensation  of 
alkali  metals  from  a  flow  of  inert  gases  during  flow  around  bundles 
of  tubes  placed  after  the  channel  of  an  MHD-generator.  These  can 
be  either  heat  exchangers  or  special  condensers  intended  for  puri¬ 
fying  the  gas  of  ionizing  additives. 

Calculations  were  made  and  experimental  investigations  were 
conducted  on  the  condensation  of  cesium  from  a  flow  of  argon  during 
transverse  flow  past  a  bundle  with  staggered  arrangement  of  tubes 
with  a  diameter  of  12  ram  and  a  height  of  140  mm.  The  total  number 
of  rows  was  32. 

Calculation  of  diffusion  precipitation  induced  by  concentra¬ 
tion  diffusion  was  performed  using  the  analogy  between  heat-and 
mass  transfer.  The  coefficients  of  mass  transfer  were  found  by 
using  the  formula  from  [21]: 

Nuw4.  =  0,35ReWPr«4.  (25) 

Calculations  showed  that,  within  the  limits  of  heat  exchanger 
with  the  selected  regime  parameters,  supersaturation  of  the  vapors 
of  cesium  sets  in  and  the  zone  of  volumetric  formation  of  mist,  in 
which  the  mechanism  for  precipitation  differs  from  that  of  diffusion, 
occupies  a  considerable  part  of  the  length  of  the  heat  exchanger. 


In  order  to  find  the  quantity  of  precipitated  cesium  in  the 
vapor  zone  and  in  the  zone  of  mist  formation  experiments  were 
conducted  in  the  study  of  condensation  in  a  bundle  of  tubes  and 
a  comparison  was  made  with  the  results,  of  calculation.  The  experi¬ 
ments  were  conducted  at  an  inlet  gas  temperatures  of  270-370°C, 
with  concentrations  of  cesium  in  argon  of  (2-11) *10*"^  kg/kg,  and 
Reynolds  numbers  1200-3000.  The  concentration  of  cesium  in  argon 
on  inlet  and  outlet  from  the  heat  exchanger  was  determined  with 
the  aid  of  gas  sampling  by  chemical  methods. 

The  experiments  showed  that  the  quantity  of  cesium  which  was 
being  condensed  on  the  surface  of  the  heat  exchanger  comprised  a 
value  on  the  order  of  <10*  of  the  quantity  put  in.  Comparisons  of 
the  calculated  and  experimental  data  are  given  in  Pig.  4.  One 
should  note  the  satisfactory  agreement  of  the  results  of  calcula¬ 
tion  and  experiment.  Consequently,  under  conditions  of  the  conduct 
of  the  experiments  the  main  contribution  to  the  process  of  precipi¬ 
tation  was  made  by  diffusion  condensation.  A  certain  excess  of 
experimental  data  over  calculated  can  be  caused  by  the  precipita¬ 
tion  of  cesium  in  the  zone  of  mist  formation. 


Pig.  <1.  Comparison  of  the  calcu¬ 
lation  and  experimental  data  on 
precipitation  on  the  cooled  sur¬ 
face  of  the  bundle:  GQn  -  exper¬ 
imental  value  of  precipitation; 

-  calculation  value  of 

p  dC“ 

precipitate. 


I.  G.  Kholmskiy  took  part  conducting  the  calculations  presented 
in  the  article. 
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A  STUDY  OF  THE  PROCESS  OF  CONDENSATION 
OF  A  MULTICOMPONENT  MIXTURE  OF  HYDRO¬ 
CARBON  GASES  IN  A  VERTICAL  TUBE 

A.  D.  Dvoyris 

The  process  of  condensation  of  mixtures  has  extensive 
application  in  installations  for  the  separation,  of  natural  and 
by-product  oil  gases  by  the  cooling  method.  The  heat-transfer 
condensation  apparatus  in  such  installations  in  regard  to  metal 
content  comprises  up  to  60-7051  of  the  total  metal  investment 
and,  as  a  rule,  works  under  conditions  of  aggregate  conversion 
of  the  state  of  the  mediums.  The  gases  being  treated  are  basically 
complex  in  composition,  multicomponent  mixtures  of  maximum 
hydrocarbon-homologs  of  the  methane  series  (from  methane  to 
the  pentanes,  inclusive),  whereby  the  predominant  component  is 
methane.  The  remaining  components,  depending  on  the  specific 
conditions,  can  be  distributed  in  yarious  ratios.  In  a  number 
of  cases,  nitrogen  (up  to  1555  by  volume  is  present  in  the  initial 
mixture) . 

In  this  way,  the  natural  and  by-product  oil  gases  being  treated 
under  industrial  conditions  are  multicomponent  vapor-gas  mixtures 
which  contain,  depending  on  the  cooling  temperatures,  one  or 
several  noncondensing  components  (nitrogen,  or  nitrogen,  methane, 
and  ethane). 


During  condensation  of  multicomponent  vapor-gas  mixtures 
in  the  cross  sections  of  the  condenser  temperature  and  concentra¬ 
tion  gradients  appear,  i.e.,  as  compared  with  the  case  of  con¬ 
densation  of  a  pure  substance,  there  appear  additional  resistances 
to  heat  and  mass  transfer  in  the  vapor  phase.  These  effects  can 
significantly  limit  the  intensity  of  the  process  of  condensation 
as  a  whole,  and  disregard  of  their  effect  can  give  rise  to  the 
errors  in  designing  appropriate  equipment.  The  intensity  of 
the  process  of  condensation  proves  to  be,  in  this  way,  dependent 
on  the  intensity  of  two  interdependent  transfer  processes:  heat 
transfer  and  mass  transfer.  The  experimental  data  available  in 
literature  on  the  study  heat  and  mass  transfer  during  the  con¬ 
densation  of  multicomponent  mixtures  are  extremely  limited, 
while  the  .generalized  calculation  equations  practically  do  not 
exist. 

/♦ 

This  paper  .is  devoted  to  the  study  of  the  concurrent  heat 
and  mass  transfer  during  direct-flow  condensation  of  multi- 
component  hydrocarbon  gases  for  the  purpose  of  developing  the 
design  procedure  fo'p  condensers  of  complex  mixtures. 

Description  of  the  Pilot  Plant  and 
Conduct  of  the  Experiment 

A  single-tube  vertical  condenser  was  adopted  as  an  experi¬ 
mental  model.  The  length  of  the  working  zone  of  tube  comprised 
l  *  0.88  m,  the  internal  diameter  d  =  6  mm,  the  wall  thickness 
was  1  mm.  The  tube  was  made  of  lKhl8N9T  stainless  steel.  Con¬ 
densation  of  the  mixture  occurred  on  the  interior  surface 
because  of  boiling  liquified  propane  in  the  intertube  space. 

The  condenser  was  divided  into  four  sections;  in  the  four 
sections  provision  was  made  for  measurements  of  the  wall 
temperature  and  flow  core  by  height.  Temperatures  were  measured 
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by  copper-constar»ta>  thermocouples  to  within  0.1°C.  For  measure¬ 
ment  of  the  wall  -^mperature  the  thermocouples  were  placed 
in  grooves  specially  drilled  to  a  depth  of  up  to  0.5  mm  and  were 
covered  with  epoxy  resin.  The  electrodes  of  the  thermocouples 
were  embedded  in  an  isothermal  section  from  the  place  of  insertion. 
The  depth  of  the  insertion  of  the  thermocouple  was  taken  into 
account  in  determining  the  inner-surface  temperature  of  the 
tube.  To  measure  temperature  in  the  core  of  the  moving  mixture, 
a  constantan  wire  was  strung  axially  along  the  tube.  In  the 
same  sections  where  provision  was  made  for  measurement  of  the 
wall  temperatures,  thin  copper  wires  were- soldered,  forming  a 
row  of  thermocouples  over  the  height  of  the  tube.  Recording  of 
the  thermal  emf  of  the  thermocouples  was  performed  with  the  aid 
of  an  R-306  low-resistance  potentiometer  in  a  set  with  a  type 
G  17/1  mirror  galvanometer.  The  flow  of  the  uncondensed  mixture 
and  condensate  after  their  separation  was  generated  by  GKF-6 
gas  meters  with  accura jy  to  within  0.3*.  In  so  doing,  the  vapor 
and  liquid  phases  were  first  throttled  down  to  a  small  excess 
pressure  and  were  heated  in  the  heat  exchanger  (the  condensate 
was  completely  vaporized)}  the  temperature  and  pressure  of  the 
flows  before  the  meters  were  recorded. 

The  Initial  mixture  was  prepared  in  a  special  mixer  by 
means  of  enrichment  of  natural  ga3  delivered  at  a  pressure 
p  «  20  and  30  atm  by  heavy  hydrocarbons  (propanes  and  butanes) 
and  entered  the  experimental  condenser  in  practically  saturated 
state.  Experiments  were  run  at  pressure  uf  20  and  30  atm.  The 
initial  mixture  contained  from  59.6  to  81.***  methane,  from  1.5 
to  4*  ethane,  from  10.1  to  3^.89*  propane,  and  from  2.^7  to  13.8* 
butanes  (total  of  normal  butane  and  isobutane)1.  The  methane 
and  ethane  were  the  noncondensing  components  of  the  mixture. 

lHere  and  in  the  future  the  composition  of  the  mixture  is 
indicated  in  percents  by  volume. 


The  average  speed  of  the  mixture  was  changed  from  0.72  to  3.6  m/s, 
the  degree  of  condensation  (volumetric)  -  from  0.103  to  0.396,. 
the  pressure  of  the  boiling  propane  in  intertube  space  -  from 
0.1.3  to  5  atm.  In  connection  with  the  fact  that  the  experiments 
were  run  at  reduced  temperatures  (the  temperature  of  the  mixture 
on  outlet  from  the  •  «be  changed  from  0  to  -30°C),  the  condenser 
and  the  phase  separator  were  thoroughly  insulated.  The  experiments 
were  conducted  in  the  following  manner;  at  a  determined  pressure 
and  with  a  fixed  composition  of  the  initial  mixture  (the  latter 
was  achieved  by  maintaining  the  appropriate  pressure  and  tempera¬ 
ture  during  the  bubbling  of  the  natural  gas  through  liquified 
hydrocarbons  in  the  mixer)  a  specified  flow  rate  of  mixture  on 
inlet  to  the  tube  was  established.  After  stabilization  of  con¬ 
ditions,  the  temperatures  of  the  flow  core  and  wall  were  taken, 
the  readings  of  the  manometers  and  gas  meters  were  recorded  and 
samples  were  taken  of  the  initial  mixture,  the  vapor  residue,  and 
the  condensate  for  analysis.  Then  the  flow  of  the  mixture  was 
changed.  Analyses  of  the  hydrocarbon  composition  were  performed 
on  a  KhPA-4  chromatograph  having  sensitivity  of  0.02$. 

In  order  to  determine  temperature  at  the  interphase  inter¬ 
faces  during  condensation  of  the  mixture  it  is  necessary  to 
know  the  thermal  resistance  of  the  condensate  film.  In 
connection  with  this,  on  a  given  test  stand,  as  a  preliminary 
stage,  a  study  was  made  of  thermal  conductivity  during  filmwise 
condensation  of  vapors  of  propane.  Experiments  were  conducted 
with  propane  with  95-99.5?  purity  (0.5-5?  was  made  up  of  non¬ 
condensing  Impurities  -  methane  and  ethane)  at  a  pressure  of 
6  atm  in  a  range  of  input  flow  rates  from  2.5  to  10  m/s. 
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A  STUDY  OP  THERMAL  CONDUCTIVITY  DURING 
CONDENSATION  OP  PROPANE  VAPORS 

The  intensity  of  the  heat  transfer  through  the  film  during 
condensation  of  the  moving  vapor  is  greatly  affected  by  the  flow 
rate.  The  question  of  quantitative  estimation  of  this  effect  at 
present  has  not  been  completely  resolved;  the  results  of  avail¬ 
able  analytical  solutions  proposed  by  various  authors  often 
disagree  with  experimental  data.  Analyzing  the  possible  reasons 
for  these  divergences,  L.  D.  Berman  showed  that  they  are  connected 
with  the  practical  impossibility  of  considering  by  analytical 
methods  the  effect  being  exerted  by  the  motion  of  the  vapor  on 
rearrangement  of  the  flow  conditions  of  the  film,  which  is 
characterized  by  transition  from  laminar  flow  into  random-wave 
and  turbulent  [1].  In  practice,  the  effect  of  the  rate  of  the 
vapor  on  the  heat-transfer  coefficient  during  condensation  must 
be  estimated  on  the  strength  of  experimental  data.  We  did 
not  have  such  data  available  in  conducting  the  present  study 
(condensation  in  vertical  tubes  of  dense  hydrocarbon  vapors 
at  speeds  of  from  1  to  10  m/s.).  The  latter  necessitated 
preliminarily  investigating  the  process  of  thermal  conductivity 
during  the  condensation  of  a  moving  hydrocarbon  vapor.  The 
effect  of  rate  on  the  heat-transfer  coefficient  has  been  examined 
in  an  example  of  the  condensation  of  propane  since  it  was  the 
basic  condensing  component  of  the  mixture.  Expe/iments  were 
conducted  at  p  ■  6  atm  during  the  concurrent  flow  of  phases. 

The  experimental  data  are  provided  in  Table  1.  The  heat- 
transfer  coefficient  was  determined  as  averaged  from  the 
formula : 


where 


a  -  the  experimental  value  of  the  heat-transfer  coefficient, 
kcal/m2*h*°C;  q  -  specific  heat  flow,  kcal/m2*h;  At  -  the  mean 
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temperature  difference  between  flow  core  and  wall,  °C. 


The  value  of  specific  heat  flow  was  defined  as 


1 


_  G*r 


where 


G  -  the  quantity  of  condensate  forming  on  the  tube,  kg/h; 
h  o 

F  -  the  internal  surface  of  the  tube,  m  ;  r  -  latent  heat  of 

Tp  ' 

condensation  of  propane,  kcal/kg;  at  6  atm  **  «  89  kcal/kg. 

The  mean  temperature  difference  was  determined  from  the 
readings  of  the  thermocouples  in  four  sections  over  the  height 
of  the  tube.  Experiments  on  the  convergence  of  heat  balance 
up  to  15%  were  used  in  the  processing.  In  order  to  estimate  the 
effect  of  the  flow  rate  on  the  heat-transfer  coefficient  it  is 
necessary  to  have  data  obtained  on  absolutely  pure  propane. 

Under  our  conditions,  the  purity  of  the  initial  propane  varied 
from  95  to  99.555  (0.5-555  was  made  up  of  noncondensing  impurities 
of  methane  and  ethane).  Figure  1  gives  the  dependence  con¬ 
structed  from  experimental  data  of  the  absolute  value  of  the 
heat-transfer  coefficient  ou  and  its  relative  reduction  from  a 
total  impurity  content  of  655  at  inlet  flow  rates  wQ  of  from 

2.51*  to  9.31  m/s  .(Re  numbers  from  21,500  to  80,000).  For 
comparison,  in  this  same  figure  experimental  data  have  been 
plotted  for  the  vapor-air  mixture  from  reference  work  [2]. 

From  Fig.  1  it  is  evident  that  an  increase  in  speed  of  flow 
reduces  the  negative  effect  the  inert  gas  and  at  rates  of 
w0  =  7. 3^-9. 31  m/s  it  becomes  minimum.  The  reduction  in  the 

effect  of  the  action  of  components  on  thermal  conductivity 
with  an  increase  in  speed  of  flow  is  explained  by  the  decrease 
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Pig.  1.  Dependence  of  coefficient  a  and  its 

K 

relative  reduction  on  total  impurity  content: 
I,  II,  III,  IV  -  the  author's  data:  V,  VI, 
VII  -  the  vapor-air  mixture  -  Renker's  data. 


in  this  case  of  the  resistance  to  mass  transfer  of  the  condensing 
components  in  the  gas  phase.  The  presence  in  steam  of  even 
negligible  admixtures  of  air,  as  can  be  seen  from  Fig.  1,  leads 
to  a  sharp  reduction  in  the  heat-transfer  coefficient.  This 
fact  is  characteristic  for  both  vertical  and  horizontal  ducts. 

Our  experimental  data  do  not  reveal  such  a  sharp  dependence. 

The  latter  is  connected  with  the  considerably  higher  absolute 
values  of  the  heat-transfer  coefficient  during  condensation  of 
pure  steam  as  compared  with  the  vapors  of  pure  hydrocarbons. 
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Other  conditions  being  equal,  the  higher  the  heat-transfer 
coefficient  during  filmwise  condensation  of  pure  vapors  of  one 
substance  or  another  the  more  sharply  is  expressed  the  negative 
effect  on  the  heat  transfer  of  the  noncondensing  admixtures  with 
very  small  concentrations  of  them. 

It  should  also  be  noted  that  the  methane,  ethane,  and  pro¬ 
pane  are  adjacent  substances  in  the  homologous  series  of  saturated 
hydrocarbons.  Because  of  this,  methane  and  ethane  dissolve 
relatively  well  in  liquified  propane.  The  thermal  effect  of 
absorption  of  the  inert  admixtures  of  methane  and  ethane  by 
the  condensing  propane  is  very  insignificant,  since  the  heat  of 
absorption  of  these  hydrocarbons  under  the  given  conditions  is 
lower  than  the  latent  heat  of  condensation  of  propane,  and  their 
quantity  by  weight  in  the  condensate  did  not  exceed  2%  of  the 
total  amount  of  the  forming  liquid  phase.  Therefore,  in  deter¬ 
mining  the  coefficient  a  ,  the  heat  effect  of  absorption  was 
not  examined  separately.  However,  the  higher  solubility  of  the 
admixtures  in  the  condensate  under  our  conditions  also,  in 
some  measure,  smoothed  their  negative  effect  on  heat  transfer. 

Reference  work  [2]  shows  that,  with  the  exception  of  the  very 
high  percents  of  vapor  contents  and  low  flow  rates,  the  type  of 
admixtures  has  less  effect  on  the  heat-transfer  coefficient 
during  condensation  than  their  content  in  the  mixture.  Extending 
conclusion  reached  to  our  experiments,  it  can  be  assumed  that 
the  effect  of  methane,  ethane,  or  their  mixture,  on  the  conden¬ 
sation  of  propane,  other  conditions  being  equal,  (identical  rates 
and  one  and  the  same  content  of  propane  in  the  mixture)  is 
approximately  equivalent. 

Figure  2  depicts  graphs  of  the  dependence  of  heat-transfer 
coefficient  a  on  temperature  difference  At.  As  can  be  seen 
from  these  graphs,  with  inlet  velocity  wQ  ■  2 . 5^  m/s,  the 
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The  value  of  N  is  defined  as  K  -  j-p,  where  G  -  the  overall 
mass  flow  rate,  kg/h. 


As  a  result  of  experiment,  it  came  to  light  that  a  change 
in  heat  flow  q  at  constant  inlet  velocity  of  the  vapor  (when 
wQ  >  2.51*  m/s)  leads  to  a  proportional  change  in  the  values  of 
N  and  At,  i.e.,  the  mean  heat-transfer  coefficient  ot  remains 

H 

constant.  In  order  to  estimate  the  effect  of  the  flow  rate  on 
coefficient  a  ,  the  experimental  data  of  this  paper  were  com¬ 
pared  with  that  calculated  according  to  Hartmann's  equation 
(Pig.  3'.  This  equation  was  obtained  on  the  assumption  that  the 
motion  of  the  film  of  condensate  is  laminar  and  the  flow  of  the 
vapor  turbulent,  and  takes  the  following  form  [3]: 


Nu  ^»0,36  Re^*  |k  Pr-f] 

-  [fr&jr- 


<no.*s 


x 


(3) 


Here 


Nu 


3„d 

*«  * 


_ 


Pr  - 


K 


where  XH,  cpH,  yK  -  in  accordance  with  the  conventional  designa¬ 
tions  for  thermal  conductivity,  heat  capacity,  and  viscosity  of 
the  condensate;  p_,  pu  -  density  of  vapor  condensate  respectively; 

vn,  vH  -  kinematic  viscosity  of  vapor  and  condensate  respectively. 

The  experimental  points  in  Pig.  3  are  located  significantly 
higher  than  those  calculated  by  equation  (3)»  i.e.,  the  effect  of 
velocity  on  the  heat-transfer  coefficient  o  under  actual  con- 

H 

ditions  is  expressed  to  a  greater  degree  than  is  predicted  by 
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Pig.  3.  Comparison  of  experi¬ 
mental  data  with  that  calculated 
by  Hartmann’s  equation  [33: 
a  -  experimental  points;  b  - 
according  to  Hartmann's  equation. 


by  equation  (3).  Let  us  note  that  these  disagreements  can  be 
connected  with  the  assumption  accepted  in  [3]  in  regard  to  the 
laminar  conditions  of  motion  of  the  condensate  film.  For  a 
quantitative  estimation  of  the  effect  of  velocity,  the  experi¬ 
mental  data  were  treated  in  the  form  of  the  dependence  of  the 
ratio  of  the  heat-transfer  coefficients  of  moving  and  motionless 
vapors  aH/<*Nu  on  the  complexes: 


N» 


and  1L 


gh' 


Let  us  note  that  both  these  complexes  are  connected  with  each 
other  by  the  relationship: 


nw~ii,Nu„ 

where  NuH^  -  Nusselt’s  criterion  for  a  motionless  vapor; 

aNu  "  the  heat”transf>er  coefficient  for  a  motionless  vapor, 

determined  from  Nusselt's  theoretical  formula.  Analysis  of  the 
obtained  dependences  separately  from  the  complexes  flw  and  fl^ 


so* 


showed  the  possibility  of  single,  valued  treatment  only  from  the 
complex  n^.  The  results  of  this  treatment  are  represented  in 
Fig.  4.  The  spread  of  the  experimental  points  on  the  graph  in 
Fig.  4  does  not  exceed  ±2555.  From  Fig.  4  it  follows  that  with 
values  of  the  complex  nd  <  2.6,  the  effect,  of  velocity  on  the 
heat-transfer  coefficient,  can  be  disregarded,  taking  it  as  equal 
to  the  heat-transfer  coefficient  for  a  motionless  vapor  otNu. 

With  nd  >  2.6,  the  effect  of  the  flow  rate  can  be  taken  into 
account  according  to  the  equation  describing  the  experimental 
data  dependences  depicted  in  Fig.  4: 

*k  *Nu=»0,68nj«  with  11,=*  2,6-30.  (4) 


Fig.  4.  Dependence  of  «K/aNu  on  the  com¬ 
plex  nd. 


A  STUDY  OF  HEAT  TRANSFER  DURING 
CONDENSATION  OF  A  MULTICOMPONENT 
HYDROCARBON  MIXTURE 

During  the  condensation  of  a  multicomponent  mixture,  the 
total  heat  flew  from  the  vapor  side  (without  allowing  for  the 
heat  of  the  cooling  of  the  condensate)  is  determined  by  the 
following  equation  [4]: 
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where  -  the  heat-transfer  coefficient  characterizing  the 

transfer  of  the  physical  heat  of  cooling  of  the  mixture, 

2 

kcal/m  *lv0C‘;  B  -  the  coefficient  of  mass  transfer  of  the  con- 

K 

densing  component  of  the  mixture,  m/hj  Atn_n;j  -  the  difference 

in  temperature  in  the  bulk  of  the  mixture  and  on  the  condensation 
surface,  °C;  Ac  -  the  difference  in  mole  concentrations,  of  the 

K 

condensing  component  in  the  bulk  of  the  mixture  and  on  the  A 

condensation  surface,  kmole/m^;  x  -  the  mole  fraction  of  the 

H 

condensing  component  in  the  condensate  forming  in  a  given  section, 
kmole/kmole;  r  -  the  latent  heat  of  condensation  of  the  mixture, 

kcal/kmole. 

In  this  way,  for  determining  the  required  surface  during 
the  designing  of  condensers  for  complex  mixtures,  it  is  necessary 
to  estimate  the  values  of  coefficients  and  BK •  In  connection 

with  this,  the  treatment  of  the  experimental  data  obtained  as  a 

result  of  the  study  of  condensation  of  multicpmponent  mixture 

was  reduced  to  determining  the  actual  coefficients  of  heat 

transfer  and  mass  transfer  (as  applied  to  the  condensing  components 

of  the  mixture)  and  development  of  the  effect  on  them  of  the 

basic  determining  factors.  Let  us  note  that  the  latter  includes 

the  mean  mass  flow  rate  of  the  longitudinal  and  cross  flows  of 

the  substance,  the  composition  of  the  mixture  and  its  thermal 

and  diffusion  properties.  In  [4]  it  is  shown  that  the  criterial 

equations  for  describing  the  concurrent  processes  of  heat  and 

mass  transfer  during  condensation  of  multicomponent  vapor-gas 

mixtures  should  take  the  following  form:  * 


for  mass  transfer  as  applied  to  the  condensing  component 
of  the  mixture 


Nu^ll* --/(Re,,  Ar,  Rey,  Pr0<),  (6) 
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for  heat  transfer 


Nu  =s  0  (Re,t  Ar,  Pr,  Kt).  ^ 

<  In  equations  (6)  and  (7)  the  criterion  Re„  and  complex  K. 

y 

reflect  the  effect  of  the  cross  flow  of  mass  on  the  fields,  of 
^  velocities,  temperatures ,  and  concentrations .  The  complex  n 

in  equation  (6)  characterizes  the  distribution  of  the  condensing 
component  between  the  condensate  and  the  equilibrium  vapor. 

Below  the  results  are  noted  on  the  research  on  heat  exchange 
during  condensation  of  multicomponent  hydrocarbon  mixtures. 

The  data  taken  for  processing  were  those  for  which  the  material 
balance  was  reduced  to  within  1058,  and  the  heat  balance  -  to 
15-1855  .  The  convergence  of  material  balance  was  checked  component¬ 
wise.  The  specific  heat  flow  was  determined  from  the  equation: 


where  Q1  -  the  weight  quantity  of  the  initial  mixture,  kg/hj 

1^"  -  the  enthalpy  of  the  initial  mixture  on  inlet  to  the  tube, 
kcal/kg;  G2  -  the  weight  quantity  of  the  vapor-gas  mixture  on  out¬ 
let  from  the  tube,  kg/hj  I2"  -  the  enthalpy  of  the  vapor-gas 
mixture  on  outlet  from  the  tube,  kcal/kg j  I2'  -  the  enthalpy  of 
the  condensate,  kcal/kg. 

For  each  experiment  diagrams  were  constructed  of  the  change 
in  the  temperature  of  the  flow  core  and  wall  of  the  tube  over  its 
length,  from  which  the  mean-integral  temperature  differences 
At  were  determined.  In  this  way,  for  each  experimental 

H  •“  C  T 
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condition  it  was  possible  to  determine  the  conditional  heat- 
transfer  coefficient  ayQ;i  by  the  equation; 


Subsequently,  the  components  of  the  overall  heat  flow  were 
estimated  from  the  following  equations: 


9  —  9t*p  ~f*  ?MK.f  T  7am.  x; 
fw  =  i2L^liS.; 


9— • » —  (A* — A'); 

--TKT^V-V). 


^tuu. , 


where  qCHp  -  the  flow  of  latent  heat  of  condensation  of  the  mixture, 
2 

kcal/m  *h;  qonu  -  the  flow  of  the  apparent  sensible  heat  of 
mbh  i  r 

2 

cooling  of  the  mixture,  kcal/m  ‘h;  qQBlJ  -  the  heat  flow  being 

H  o  H*  W 

2 

taken  away  from  the  condensate  during  its  cooling,  kcal/m  *h; 

I1'  -  the  enthalpy  of  the  condensate  at  the  dew  point  of  the 

mixture,  kcal/kg. 

Prom  the  overall  heat  flow  q  taking  into  account  the  effect 
of  flow  rate  (see  Fig.  *1)  the  heat-transfer  coefficient  through 
the  film  a  was  determined.  In  so  doing,  the  thermophysical  prop- 
erties  of  the  condensate,  (viscosity,  thermal  conductivity,  specific 
weight)  were  calculated  taking  into  account  its  fractional 
composition.  The  heat-transfer  coefficient  otL  was  defined  as 

tt— .  and  the  value  of  the  mean  temperature  difference 

between  the  flow  core  and  phase  boundary  Atfl_ nn  was  calculated 


t 


A 


from  the  total  temperature  difference  At  __  and  the  mean 

H  —  CT 

temperature  difference  in  the  film  Atn/1_-cx: 

A£»-n.i  —  ”  Wjj-tti 

where 

A^iu-ct  — 

The  treatment  of  experimental  data  on  the  heat  exchange  in  final 
form  was  reduced  to  development  of  a  criterional  function  accord¬ 
ing  to  equation  (7).  The  treatment  of  the  experimental  data  on 
mass  transfer  has  not  been  finished  at  the  present  time,  and 
therefore  the  results  of  the  study  in  this  direction  are  not 
examined.  For  each  experiment,  in  accordance  with  (7)  the  follow¬ 
ing  criteria  and  parametrical  complexes  were  determined: 


Re, 


Kt 


‘TT» 


Pr<,<~?6r* 


Nu= 


where  wcp  -  the  average  speed  of  the  vapor-gas  mixture  in  the 

tube,  m/s;  J  -  the  density  of  cross  flow  of  the  substances, 
kg/m2,h;  PrD1  -  Prandtl's  diffusion  number;  Az^^  -  difference  in 

mass  concentrations  of  the  i-oomponent  of  the  mixture  in  the 
i  flow  core  and  on  the  interface,  kg/kg;  cpl  -  heat  capacity, 

kcal/kg*°C,  i  -  component  of  the  vapor-gas  mixture;  cp  -  heat 

}  capacity  of  the  vapor-gas  mixture,  kcal/kg,0C;  p,  u,  X  -  in 

accordance  with  the  conventional  designations,  density,  viscosity. 
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and  thermal  conductivity  of  the  vapor-gas  mixture;  g  -  gravity 

2 

acceleration,  m/s  ;  n  -  number  of  components  in  the  mixture. 

The  value  of  J  was  determined  from  the  quantity  of  forming 
condensate,  i.e.,  J  *  G.-G,,/1’’,.,,*  Determination  of  the  coef- 

l  t  Tp 

ficients  of  molecular  transfer  (thermal  conductivity,  viscosity, 
and  the  generalized  diffusion  coefficients),  and  also  certain 
thermophysical  properties  (specific  heat,  density,  enthalpy) 
of  the  multicomponent  hydrocarbon  mixture  was  made  on  the  basis 
of  the  thermodynamic  law  of  corresponding  states  according  to  the 
methods  expounded  in  [5],  at  the  mean  temperature  on  tube  of 
the  mixture  in  the  flow  core  and  according  to  its  averaged 
working  composition. 

To  estimate  the  effect  of  condensation  of  the  mixture  on 
coefficient  aL  first  a  series  of  experiments  was  conducted 

without  condensation  ("dry"  heat  exchange)  on  natural  gas  con¬ 
taining  from  2.7  to  3.72%  propane  and  butane.  The  results  of 
these  experiments  are  given  in  Table  2. 

The  obtained  heat-transfer  coefficients  during  '’dry"  heat 
exchange  a.  are  generalized  criterially  in  the  form  of  the 

C 

dependence: 

N’u  Prw'a=/(Re,). 

In  Pig.  5  data  are  also  plotted  for  conditions  of  simultaneous 
condensation.  The  results  of  experiments  in  thermal  conductivity 
during  condensation  are  given  in  Table  3.  Prom  Pig.  5  it  is 
evident  that  condensation  of  the  mixture  leads  to  a  considerable 
increase  in  the  heat-transfer  coefficient  at  the  same  mean 

flow  rates.  The  latter  is  connected  with  the  effect  on  the 
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Pig.  5.  Dependence  of  complex  Nu/Pr1^  on  Rex  and  of  complex 

"RcO.KPl(W»'  on  Rey* 

KEY:  (1)  "Dry”  heat  exchange. 

intensity  of  heat  transfer  of  the  cross  flow  of  the  substance 
approaching  the  phase  interface.  Other  conditions  being  equal, 
the  higher  the  density  of  cross  flow  of  the  substance  J,  the 
greater  the  heat-transfer  ooeffioient  a^.  Let  us  note  that  the 
change  in  the  total  density  of  cross  flow  is  determined  by  the 
corresponding  change  in  the  compos ition  of  the  initial  mixture 
and  the  inlet  flow  rate.  The  straight  lines  in  Pig.  5  were  divided 
into  layers  according  to  the  constant  values  of  the  criteria  of 
cross  flow  Rey«  const  and  were  arranged  parallel  to  lines  charac-  * 
terizing  "dry"  convective  heat  exchange. 

In  this  way,  the  effect  of  the  Re  number  of  the  longitudinal 
flow  during  condensation  was  kept  the  same  as  in  the  case  of 
"dry"  heat  exchange.  For  development  of  the  degree  of  effect  of 
the  criterion  of  cross  flow,  there  was  constructed  a  generalized 
graph  of  the  dependence  of  on  Rey  depicted  on  right 

side  of  Fig.  5.  Prom  this  graph  it  is  evident  that  the  effect  of 
the  density  of  cross  flow  on  coefficient  <*L  is  exhibited 


Specific  thermal  load 


( 


K 


L 


1 


dissimilarly:  to  a  lesser  degree  in  the  range  of  Re  from  8 

to  20  and  to  a  greater  extent  in  the  range  of  Rey  from  20  to  *10. 
The  experimental  data  obtained  on  heat  transfer  during  condensa¬ 
tion  of  the  mixture  can  be  described  by  the  following  criterial 
equations : 

Xu sb 0,0068 Reik2ReJ«Pr#.«  with  Re,  from  3  to  20;  (8) 

Nu=  O.U0242 Re^Re^Pr9-*3  with  Re,  from 20  to  40.  (9) 

In  equations  (8),  (9)  the  Rex  number  changed  from  7000  to 
57,000,  the  Pr  number  -  from  0.73  to  0.9.  Complex  for  all 

experiments  changed  very  insignificantly,  therefore  its  effect 
on  the  intensity  of  heat  transfer  as  yet  has  not  been  examined. 

Equations  (8)  and  (9)  can  be  converted  if  we  separate  the 
dependence  on  the  determining  criteria  only  of  the  ratio  Oj/o^. 
In  this  case,  the  obtained  equations  will  take  the  following 
form: 


Vv-3 0,313 Re»'»  with  Re,from8  to  20;  (10) 

at/?c~0,112Re«*  with  Re,  from 20  to  10,  (11) 

where  oc  -  the  corresponding  heat-transfer  coefficient 
during  "dry"  heat  exchange. 

Let  us  note  that  the  portion  of  the  apparent  heat  of  cooling 
of  the  mixture  can,  during  the  condensation  of  hydrocarbon  mix¬ 
tures,  reach  50J  and  more  of  the  overall  heat  flow  (see  Table  3). 
Therefore,  the  calculation  of  this  component  of  heat  flow  in 
determining  the  required  surface  of  the  condenser  is  very  impor¬ 
tant. 
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